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WELCOME 


Or .  Paul  J .  Hitto 

Distinguished  Professor  and  Chairman 
Department  of  Mechanical  Engineering 
Naval  Postgraduate  School 
Monterey,  CA 


On  behalf  of  Rear  Admiral  Robert  H, 
Shumaker,  the  Superintendent  of  the  Naval 
Postgraduate  School,  I  welcome  all  of  you  to  our 
beautiful  Monterey  Peninsula.  I  am  very  honored 
to  have  the  opportunity  to  be  present  at  this 
opening  session,  and  to  represent  the  Naval 
Postgraduate  School  which  is  serving  as  co-host 
for  this  56th  Shock  and  Vibration  Symposium. 

For  over  75  years,  the  Postgraduate  School 
has  been  serving  the  L'.S.  Navy  by  providing 
graduate  education  for  commissioned  officers. 
From  its  modest  beginning  in  1909  on  the  Naval 
Academy  campus  In  Annapolis,  with  10  officer 
students  and  three  faculty,  the  School'* 
programs  have  expanded  dramatically  in  response 
to  the  growing  needs  of  the  Navy  and  the 
Department  of  Defense.  Today,  with  an 
enrollment  of  over  1,600  students.  Including 
representatives  from  all  the  U.S.  Armed  Services 
and  from  more  than  25  allied  countries,  the 
School  has  established  a  strong  academic 
reputation.  Admiral  James  D.  Watkins,  Chief  of 
Naval  Operations  and  a  mechsnlcal  engineering 
graduate  from  this  institution,  has  «nid :  "I 
consider  the  Investment  in  graduate  education  of 


selected  officers  to  be  a  strategic  requirement 
for  the  Navy.  With  today's  technological, 
managerial  and  pol  1 1 leal /economic  complexities, 
the  need  for  graduate-level  expertise  has  never 
been  greater." 

We,  therefore,  appreciate  the  significant 
Importance  of  research  In  achieving  and 
maintaining  technological  superiority,  and 
encourage  our  faculty  to  participate  In 
conferences  such  as  this  one,  where  the  latest 
Ideas  and  research  results  may  be  shared  with 
colleagues  from  other  universities,  from 
industry,  other  branches  of  the  government  and, 
I'm  happy  to  say,  with  our  friends  from  other 
countries.  Of  course,  the  subject  of  shock  and 
vibration  playB  a  fundamental  role  in  the 
welfare  of  the  Department  of  Defense,  and  1 
commend  the  organisers  of  this  conference,  and 
all  of  you  present,  for  your  continued 
dedication  to  uphold  the  high  standards 
established  for  this  Symposium  over  the  years. 

In  closing,  I  wish  all  of  you  a  professionally 
rewarding  experience  and  an  enjoyable  visit  with 
us.  Thank  you. 
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This  morning,  my  task  is  to  tell  you  the 
ONR's  philosophy  on  basic  research,  and  the 
contents  of  the  current  Solid  Mechanics  Program, 
ar*d  ,  by  doing  so,  1  hope  to  give  you  a  flavor 
for  the  type  of  research  ONR  Is  Interested  in 
supporting,  and  to  stimulate  you  to  came  up  with 
new  directions  in  Solid  Mechanics,  related  to 
Shock  and  Vibration, 

Within  ONR,  the  Solid  Mechanics  Program  is 
In  the  Engineering  Sciences  Directorate.  The 
Program  has  close  ties,  through  Jointly  funded 
Interdisciplinary  programs,  with  two  other 
Programs  in  the  Mechanics  Division,  namely,  the 
Fluid  Mechanics  and  Propulsion  f»  Energetics,  in 
addition  to  the  materials  Division  (Fig.  1).  At 
ONR,  the  basic  philosophy  is  to  support 
fundamental  research  which  provides  an  expanded 
scientific  basis  for  an  enhanced  understanding 
of  a  field  (Fig.  2).  Specifically,  within  the 
Solid  Mechanics  Piogram,  the  emphasis  is  in 
understanding  the  behavior  of  solids  And 
structures  over  a  wide  range  of  length  and  rime 
»cale6.  Such  an  undr rs tandi ng  and  a  unification 
of  the  interplay  between  the  physical  processes 
taking  place  at  various  scales  is  essential,  if 
a  sound  physically  rather  than  empirically  based 
predition  of  mechanical  behavior  Is  to  be 
established. 

The  Solid  Mechanics  Program  Is  divided  Into 
four  subareas  as  shown  below: 

Fundamental  Solid  Mechanics 

Failure  Mechanics 

Fluld-Strucr ure  Interaction 

Structural  Mechanics. 

I  will  briefly  discuss  each  of  those  subareas. 

In  the  Fundamental  Solid  Mechanics  area, 
the  objective  is  to  understand  the  thermo- 
mechanical  behavior  of  all  current  and  future 
classes  of  materials  (Fig.  3).  The  Importance 
of  the  sctle  of  response  Is  clearly  seen  In  this 
area.  A  growing  part  of  the  program  is  In 


Mic ro-mechanl cs .  The  emphasis  here  Is  In  the 
mechanist Ic  description  of  damage  In  the 
materials,  for  example,  grain  boundary  cracking 
and  shear  band  formation.  In  addition,  research 
Is  supported  to  establish  theoretical  framework 
to  incorporate  these  micro-mechanical  mechanisms 
Into  effective  or  average  macro-scale 
descriptions  of  damage,  eventually  leading  to 
improved  constitutive  equations.  Research  in 
this  area  Is  critically  important  In  the  Shock  & 
Vibration  area,  since  It  provides  a  framework 
for  the  description  of  material  damage  unJer 
shock  conditions.  As  an  example,  there  is  a 
study  to  see  whether  the  Gur9on-Rlce  model  for 
ductile  void  Initiation  and  growth,  coupled  to  a 
J2  Corner  Theory  of  Plasticity,  can  predict  the 
dynamic  tearing  In  a  Chappy  Impact  Test. 

The  Failure  Mechanics  area  encompasses 
fracture  mechanics  and  NDF.  (Fig.  4).  This  area 
Is  to  understand  and  predict  the  failure 
processes,  which  occur  on  the  macroscopic  and/or 
the  structural  level.  A  major  thrust  is  In  the 
concept  of  material  toughness  undpr  horb  aratic 
and  dynamic  conditions.  Crack  propagation  under 
shock  loading,  as  well  as  structural  fatigue 
under  vibration  are  the  areas  of  interest 
here.  The  theoretical  foundations  for  wave 
transmission  and  scattering  in  co.nposltes  as  a 
basis  for  NDF.  is  an  expanding  part  of  the 
program . 

The  FI  ui  d-St  ruct  ur«*  Interaction  area 
continues  to  undergo  mo  ioi  changes  in  direction 
(Fig.  *>).  A  major  new  thrust  Is  aimed  at 
establishing  an  in-depth  understanding  of  the 
int erf  acini  mechanics  of  deforming  structure- 
fluid  systems  through  refining  Interfect 
representation,  including  full -coupled 
computational  capability,  and  controlling 
structural  response  to  ac«ust  .W  fluid-dynamic 
loading,  which  Includes  active  and  passive 
con  t logs. 

To  address  these  Issues  the  classical  structural 
acoustics  and  structural  shell  theories  cannot 


IV- 

si 


*v. 

\V, 


$ 

m 


3 


v  ■* 


i 

i 

■ 

4 


i 


| 

\ 

V 


be  used.  Pressure,  shear  stress,  and  velocity 
must  be  primitive  variables  In  the  basic 
theories.  This  area  will  be  discussed  In  more 
detail,  later. 

The  final  area  is  Structural  Mechanics 
(Fig.  6).  A  major  goal  Is  to  establsh  a 
capability  to  control  the  response  modes  of 
structures.  The  emphasis  is  In  establishing 
computational  techniques  and  In  understanding 
structural  response  transitions  such  ss 
deformation  localization  and  buckling  or 
collapse  transitions.  The  question  Is  what  are 
the  conditions  which  cause  static  buckling 
processes  to  transition  to  dynamically  unstable 
proceoaea  and  the  ultimate  transition  to 
collapse?  An  exciting  new  class  of  structural 
materials  is  the  piezo-elect rtr  composites  which 
may  play  a  critical  role  In  future  .active 
systems  for  controlling  fluid-structure 
interaction.  Two  examples  of  the  type  of 
research  supported  by  OMR  are  Fluid  Structure 
Interaction  and  Micro-mechanics  of  Composites. 


flows  are  Just  now  emerging  for  non-lntrractlng 
fields  with  clean  geometries.  In  attem,tlng  to 
Isolate  acouctlc  pulses  from  turbulent  flow 
noise,  an  Important  research  quest; on  Is  whether 
a  critical  small  eddy  structure  cat.  be 
Identified  and  Its  evolution  predicted  (Fig. 

11).  This  critical  eddy  state  wo  ,ld  correspond 
to  the  development  of  a  turbulent  event,  with 
noise  sufficient  to  mask  the  desired  acoustic 
sound  level.  If  such  a  critical  state  could  be 
Identified,  active  surface  materials  such  as 
flexible  pleeo-electr lc  composites  could  be  used 
to  control  the  turbulence! 

The  une  of  new  materials  bucIi  as  the  piezo¬ 
electric  composites  In  stress  wave  applications 
poses  many  i.ew  challenges  to  the  solid  mechanics 
community.  In  addition  to  thel*  electro¬ 
mechanical  coupling,  these  materials  are 
com.osltes  made  of  composites.  Figure  12  shows 
a  multi-level  concept  In  which  a  matrix  of 
plero-electrlc  composites  Is  embedded  In  s 
compos  lte . 
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A  new  Interdisciplinary  thrust  In  Fluid- 
Structure  Interaction  Is  Jointly  supported  by 
Solid  Mechanlcn  and  Fluid  Mechanics  Programs  and 
the  Materials  Division  at  ONF.,  The  Issue  Is  an 
in-depth  understanding  for  the  generation  of 
stress  and  velocity  fields  at  the  interface  of 
layered  solid?  and  turbulent  flow  fields  (Fl*. 
7).  Ail  three  components  of  both  surface  stress 
and  surface  velocity  at  the  Interface  must  be 
predictable.  The  Fluid-Structure  Interaction 
capability  just  described  18  essential  Ip. 


advancing  the  state-of-the-art  in  many  critical 
areas  for  the  Navy  (Fig.  8).  Currently,  sonar 
search  speeds  for  ships  and  submarines  are 
speed-limited  because  of  increasing  flow  noise 
with  speed.  A  way  around  thl6  would  be  to 
separate  sound  inputs  by  th?lr  source*  acoustic 
:adlstion,  or  turbulent  flow.  Current  sensors 
cannot  do  this  because  they  respond  to  surface 
pressures  in  a  qu°s l-8tac leal ly  deforming 
mode.  Because  the  velocity  fields  associated 
with  «c uub l le  and  turbulent  pulses  arc  quite 
different,  a  dynamically  deforming  sensor  can 
serve  as  a  source  discriminator  for  pressure 
pulse  sour  e6. 


The  specific  objectives  of  the  program  are 
listed  in  Figure  9.  Pie  first  three  Involve 
interface  responses,  and  the  last  three  combine 
the  Mechanics  and  Materials  thrusts  to  tailor 
structural  coating  systems  to  obtain  optimum 
responses.  The  response  optimization  can 
address  acoustic  Isolation  and  Identification 
issues,  and  possibly  at  the  same  tire,  address 
flow  drag  reduction  issues.  The  technical 
lS6i.es  listed  <n  Figure  10  point  out  a 
significant  aspect  of  thin  program.  It  Is  not  a 
srandard  interdisciplinary  research  program, 

y'h  tch  aFfompf  C  tn  rw>l<VP  f  lip  S  t  A  t  O  -O  f  - 1  he-B  T  l 

technologies  In  disparate  fields.  Rather,  each 
aspect  of  the  program,  that  is,  Solid  Mechanics, 
Fluid  Mechanics,  and  Materials  Science,  Involves 
critical  forefront  research  In  its  »,vr.  field. 

For  example,  the  third  item  listed  in  Figure  10, 
the  deterministic  descriptions  of  turbulent. 


The  next  example  deals  with  Micro-mechanics 
of  Composites.  It  was  mentioned  earlier  that 
the  key  element  in  the  program  Is  the  linking 
together  of  response  mechanisms  at  different 
scale*.  To  show  how  this  issue  is  addressed,  a 
new  thrust  In  theoretical  and  experimental 
research  in  composites  will  be  considered  - 
specifically,  the  nonlinear.,  multivariable 
theory,  and  an  ultra  hlgh-reso lut ion  optical 
technique  (Fig.  13).  The  computational  effort 
has  Just  begun,  and  it  is  not  yet  ready  for 
presentation . 

For  the  Nonlinear  Multivariable  Field 
Repr e&cntat  ion  in  Composites,  consider  a 
unlaxially  reinforced  composite  as  shown  on  the 
left  in  Figure  14.  Classically,  the  properties 
are  based  on  the  uniform  deformation  in  a 
representative  unit  cell.  The  multivariable 
cell  displacement  field  shown  at  the  right  In 
F1p,ur'  14,  not  only  allows  for  more  accurate 
description  cf  material  ru*n3  1  r i  r  l es  such  *a 
matrix  plasticity,  but  also  Allows  description 
of  local  damage  states  such  as  fiber  matrix 
separation  In  a  consistent  manner. 

F.xpe  rlmentai  ly ,  an  ultra  htgh-reso  lut  ion  optical 
technique  usin^  the  Subwavelength  Moire* 
Interferometry  has  shown  great  promise.  An 
argon  laser  beam,  with  a  wavelength  of  20  micro- 
inches,  r an  give  a  fringe  sensitivity  for 
displacement  contours  of  lb  nlc r o~i riches .  At 
the  »ight  in  Figure  IS,  a  fringe  pattern  for  the 
L'-ai s placement  in  a  three- point  laminated  beam 
Is  shown .  The  hot  Lorn  of  Figure  IS  clearly  shows 
the  delineation  ..f  shear  strain  concentrations 
In  the  reiln-rlch  zones  between  each  layer.  The 
Current  research-  Is  to  extend  the  fringe 
sensitivity  down  to  0 . 3  micro-inches  per  fringe, 
and  a  time  resolution  of  one  micro-inch  per 
frame!  This  will  produce  experimental  data 
necessary  for  the  higher-order  continuum 
theories  for  composites. 

In  summary,  a  brief  description  has  been 
attempted  on  the  PNR's  philosophy  of  basic 
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research  and  the  current  Program  in  Solid 
Mechanic*,  along  vith  a  fev  examples.  Much  of 
it  le  relevant  to  the  Shock  and  Vibration 
Community,  and  angule  opportunities  exist  for 
this  community  to  define  exciting,  no*,  basic 
resesrch  directions.  The  Program  is  continually 
evolving  and  expanding.  ONR  coliclts  your 
ideas  1 
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MECHANICS  OF  THE  SOLID-FLUID  INTERFACE 


LOCAL  DEFORMATION  FIELDS 
EXHIBITING  HIGHER  ORDER  VARIATIONS 


SUBWAVELENGTH  MOIRE  INTERFEROMETRY 
PROVIDES  WHOLE  FIELD  DEFORMATION 
PATTERNS  WITH  EXTREME  SENSITIVITY 
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ARMY  RESEARCH  IN  SHOCK  MECHANICS 


John  F.  Mescall*  and  Richard  Shea 
U.S.  Array  Materials  Technology  Laboratory 
Watertown,  MA  02172 


ABSTRACT 

The  U.S.  Array  Materials  Technology 
Laboratory  (MTL)  has  mission  responsibility  for 
managing  the  Army's  technology  base  programs  in 
structural  materials,  solid  mechanics  and 
materials  testing.  One  of  MTL's  major  programs 
Is  in  Armor/Anti-Armor  Materials.  A  Rev 
Ingredient  of  this  program  is  shock  mechanics 
research.  The  research  seeks  to  understand  the 
mechanisms  associated  wich  the  complex  processes 
of  projectile  impact  of  targets  and  explosive  - 
raetai  interactions. 

The  analytical  basis  for  research  In  shock 
mechanics  Is  presented.  Several  of  the 
mechanisms,  test  procedures  and  applications  of 
the  research  are  discussed. 


INTRODUCTION 

The  Shock  and  Impact  Mechanics  Team  at  MTL 
Is  conducting  a  combined  theoretlcal/exper- 
lmental  program  aimed  at  understanding  the 
mechanisms  involved  In  such  complex  processes  as 
prolectlle  Impact  of  targets  and  explosive-metal 
Interactions.  Of  particular  Interest  Is  the 
role  that  material  properties  such  as  dynamic 
strength  and  fracture  resistance  play  In  such 
encounters  . 

The  analytic  procedures  employed  primarily 
Involve  the  use  of  the  HEMP  code  to  simulate 
ballistic  events.  HEMP  is  a  finite  difference 
procedure  which  begins  with  the  fundamental 
conservation  laws  In  two  or  three  spatial 
dimensions,  couples  to  these  a  constitutive 
model  which  Is  appropriate  for  the  high  pressure 
fields  Involved,  and  Integrates  the  equations  of 
motion  step-by-step  In  time.  Output  Iron  the 
code  consists  of  all  the  pnyslca1  parameters  of 
Interest:  position,  velocity,  stress,  strati, 

and  temperature  as  fjnctlons  of  time. 


DYNAMIC  STRESS-STRAIN  CURVES 

The  response  of  materials  to  high 
compression  fields  associated  with  Impact  or 
explosive  loadings  Is  described  In  terms  of  the 
so-called  Hugonlot  curve.  The  Hugonlot 
Equatlon-of-State  (Figure  1)  Is  the  locus  of 
p.easure-volume  states  a  material  follows  when 
dynamically  loaded  and  Is  obtained  via  a  series 
of  plate-slap  tests.  In  these  tests  a  flyer 
plate  of  known  characteristics  Impacts  In  a 
planar  fashion  a  specimen  whose  Hugonlot  is 
being  determined.  The  specimen's  rear  surface 
la  monitored  by  a  laser  velocity 
interferometer.  This  signal  is  then 
Interpretable  In  terms  of  the  peak  pressure  and 
associated  volume  change  Induced  by  the  Impact 
conditions.  A  series  of  such  experiments  then 
maps  out  the  entire  P-V  curve  and  determines  the 
coefficients  listed.  The  role  of  material 
strength  of  solids  (vls-a-vls  the  hydrodynamic 
regime)  Is  superimposed  on  the  Hugonlot  by  the 
employment  of  a  Von-Mlses  yield  criterion  which 
regulates  permissible  amplitudes  of  the  stress 
deviators  Sj,  S2,  and  S^. 

These  resultant  dynamic  stress-strain 
curves  are  then  employable  In  computer 
simulations  of  general  Impact  or  explosive 
events.  They  are  of  particular  significance  to 
our  work  at  MTL  since  our  Interests  focus 
primarily  upon  the  materials  oriented  issues  as 
opposed  to  the  kinematic  Issues  associated  with 
this  problem  class. 

EROSION  MECHANISM 

As  an  example  of  how  the  theoretical  and 
experimental  approaches  to  ballistic  complement 
each  other  and  of  why  bjth  are  needed,  consider 
the  following: 

Figure  2  shows  some  results  from  a  HEMP 
simulation  of  0  i«ng— r'-'l  r  1  / Tr  a  I  it  nraniuT. 


♦Leader,  Shock  and  Inpact  Mechanics  Team 

♦♦Director,  Mechanics  and  Structural  Integrity  Laboratory 
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penetrator  Impacting  a  massive  steel  target  at  a 
velocity  of  4,000  ft/sec.  It  Is  evident  from 
the  distorted  grid  that  as  penetration  proceeds, 
the  region  of  Intense  plastic  deformation  Is 
quite  localized  and  Is  confined  to  a  "process 
rone"  vhoae  radius  la  less  than  two  projectile 
diameters.  Material  outside  this  process  zone 
Is  hardly  affected  by  the  Impact.  In 
particular,  projectile  material  Is  decelerated 
only  as  It  enters  the  zone  following  material 
closer  to  the  projectile  tip  which  Is  In  the 
process  of  being  eroded;  l.e.,  compressed  and 
washed  backward  toward  che  cavity  opening. 

Figure  2  also  provides  the  physical  basis 
for  this  erosion  mechanism  In  terms  of  ambient 
stress  levels.  We  plot  Isobars  of  those 
pressure  fields  vAlch  are  sufficiently  Intense 
to  Induce  significant  deformation  and/or 
deceleration.  For  example,  10  kllobars  Is  the 
approximate  yield  strength  of  both  target  and 
projectile.  Although  the  Initial  pressure 
levels  are  an  order  of  magnitude  higher  than 
this,  they  decline  rapidly  and  never  extend  very 
far  spatially.  During  the  steady-state  phase  of 
the  penetration  process  (most  of  the  problem 
duration),  we  are  dealing  with  a  spatially 
limited  pressure  field  of  moderate  Intensity. 

Figure  3  shows  a  set  of  flash  x-ray 
observations  of  essentially  the  same  problem. 
They  reveal  that  the  rear  end  of  the  penetrator 
Is  not  decelerating  even  In  the  third  exposure 
(when  It  Is  nearly  embedded  In  the  target),  thus 
confirming  the  HEMP  results.  It  Is  also  clear 
that  today's  x-ray  equipment  cannot  reveal 
details  of  what  la  occurlng  at  the 
projectlle/target  Interface,  thus  stressing  the 
utility  of  the  HEMP  s *_'*ula t Ion .  A  considerable 
amount  can  be  learno  about  the  penetration 
process  by  varying  the  projectile  and  target 
material  properties  In  a  succession  of 
Simula  tlona . 


BUFFETING  MP.CHANISM 

A  more  realistic  penetration  problem 
representative  of  armor  systems  on  modern 
vehicles  concerns  the  process  of  long-rod 
projectiles  perforating  spaced  arrays  such  as 
that  shown  In  Figure  4.  Flash  x-rays  of  such  an 
encounter  are  shown  In  Figures  5  and  6,  where 
the  projectile  Is  seen  to  bend  significantly 
between  plates  2  and  3.  Such  bending  Is  of 
course  deletorlous  to  penetrator  performance  and 
needs  to  be  corrected  since  this  behavior  tends 
to  worsen  for  modern  designs  with  increased  L/D 
ratios. 

There  is  considerable  controversy  over  the 
cause  of  such  bending.  We  take  the  position 
that  It  Is  not  due  to  a  "buckling"  nor  to  a  wave 
propagation  process  associated  with  target 
obliquity.  Instead,  the  H©1P  simulation  ahown 
In  Figure  7  lends  support  to  the  mechanism  of  a 
mechanical  contact  with  the  sides  of  the  hole  in 
the  target  by  the  side  of  the  penetrator. 


Figure  7  also  considers  a  plausible  set  of 
conditions  for  the  projectile  interaction  with 
the  second  place  of  a  spaced  armor  system.  We 
stipulate  that  the  problem  begins  after  the 
projectile  tip  has  bored  a  hole  In  the  second 
plate.  It  has  an  L/D  of  20,  Is  moving  with  a 
velocity  of  3,000  ft/sec  in  the  x  direction,  but 
as  a  result  of  Its  Interaction  with  the  first 
plate  element.  It  has  an  Induced  yield  of  10 
degrees  and  a  y  velocity  of  100  ft/sec.  The 
initial  diameter  of  the  hole  In  the  target 
element  is  twice  the  projectile  diameter. 

Initial  contact  with  the  side  of  the  target 
hole  Is  a  grazing  Incidence;  by  15  microseconds 
the  projectile  has  been  pushed  down  to  the  lower 
edge  of  the  hole  and  by  the  time  of  exit  (180 
usee),  has  been  badly  bent  while  the  hole  has 
been  greatly  enlarged.  Post-mortem  examinations 
of  second  plate  elements  reveal  a  hole  with  a 
strongly  elliptic  rather  than  a  circular  hole. 

We  would  stiess  that  the  point  of  this 
simulation  is  to  provide  guidance  for  improved 
penetrator  design  by  more  clearly  Identifying 
the  mechanical  cause  of  the  bending  action  which 
works  against  projectile  efficiency.  More  work 
would  be  needed  In  stipulating  precise  Impact 
conditions  If  complete  agreement  uith  x-ray 
observations  Is  sought. 


ADIABATIC  SHEAR 

Adiabatic  shear  Is  the  name  attached  to  a 
process  of  extreme  localization  of  a  deformation 
which  has  been  proceeding  In  a  relatively 
uniform  manner  until  an  Instability  suddenly 
intervenes.  It  appears  that  higher  strength 
materials  are  more  vulnerable  to  this 
phenomenon . 

Figure  8  gives  an  example  associated  with 
ballistics.  All  these  targets  were  Impacted 
with  Identical  projectiles  at  the  velocities 
shown.  The  upper  target  Is  a  soft  (annealed) 
4340  steel.  Tr  has  nearly  been  perforated  by  a 
process  Involving  massive  plastic  deformation. 
The  middle  and  lower  targets  are  both  very  hard 
4340  steel.  Clearly,  the  perforation  process  Is 
quite  different  and  Involved  very  local 
deformation  along  the  white  shear  bands  visible 
In  the  lower  target.  Ballistic  consequences  of 
this  process  are  shown  in  Figure  4,  where 
Improved  ballistic  performance  is  observed  as 
target  hardness  Is  Increased  up  to  a  point,  when 
suddenly  continued  increases  in  hardness  results 
In  poorer  ballistic  protection. 

Details  of  this  nechanisn  are  being  studied 
In  the  laboratory  again  by  a  combined 
t heore t leal /expe r lmenta 1  program  Involving  a 
stepped  projectile  (Figure  10).  Figure  II  shows 
examples  or  how  tn*a  procedure  provides  close 
control  over  the  nucleatlon  and  Rrowth  of  shear 
bands.  The  stepped  projectile  Is  the  dark  area 
at  the  top  of  the  photographs;  the  shear  band  is 
readily  visible  as  the  white  line  It:  the  lower 
photograph . 
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Analytically ,  this  experimental  procedure 
Is  modeled  by  Incorporating  in  the  HEMP  code  a 
constitutive  lav  which  accounts  for  strain 
hardening  of  a  material  as  plastic  deformation 
proceeds,  followed  by  a  thermal  softening  as  the 
work  of  plastic  deformation  Is  converted  into 
heat,  and  the  material  responds  to  the 
temperature  rise.  The  net  result  is  a  stress- 
strain  curve  exhibiting  a  local  maximum.  This 
is  not  typical  of  static  testing  results  simply 
because  at  static  testing  rates  there  is 
sufficient  time  for  the  temperature  rise  to 
diffuse  through  the  specimen,  and  not  produce  a 
localization  of  deformation.  Dynamic  tests 
exhibit  a  different  behavior. 


Figures  12  and  13  show  the  nucleation  and 
growth  of  shear  bands  emanating  from  the  corners 
of  the  indenting  projectile  tip.  (The  body  of 
the  stepped  projectile  is  not  3hovn  here  for 
convenience.  )  We  note  in  passing  that  even 
though  the  inpact  velocity  is  low  (200  ft  /sec) 
the  bands  grown  quickly  and  are  developed  by  2h 
usee.  This  procedure  will  prove  useful  for  both 
mechanistic  studies  and  as  a  quantitative 
measure  of  a  specific  materials  resistance  to 
adiabatic  shear. 


TAYLOR  TESTS 

One  example  of  a  procedure  for  measuring 
the  dynamic  (vs.  static)  strength  of  material  is 
that  of  the  split  Hopkinson  bar.  This  is 
limited  to  "medium"  strain  rates,  somewhat  low 
for  ballistic  applications.  Another  procedure 
Is  the  Taylor  Test  ir.  which  one  lopuct3  a 
cylindrical  specimen  against  a  rigid  target  and 
from  post-mortem  measurements  of  deformation 
Infers  estimates  of  dynamic  material  flow 
strength.  Figure  lb  shows  experimental  results, 
including  progressive  failure  with  Increased 
impact  velocity;  Figure  13  shows  a  HEMP 
simulation  of  the  deformation.  The  latter  is 
useful  in  making  more  precise  estimates  of 
■dynamic  material  behavior. 


EXPLOSIVE  HARDENING 

One  interesting  experimental  technique 
frequently  used  to  harden  pre-fatrlcated  items 
of  complex  shape,  such  as  rallrcad  frogs,  is 
that  of  explosive  hardening.  One  places  a  thin 
layer  of  explosive  cr.  the  surface  of  a  specimen, 
detonates  It,  and  the  result  is  an  Increase  in 
hardness  for  a  certain  depth  into  the 
material.  One  advantage  of  the  procedure  is 
that  one  can  achieve  desirable  levels  of 
hardness  without  extensive  deformation  of  the 
specimen  as  would  be  necessary  for  more 
con'- ent lonal  work-hardening  procedures.  This  is 
attributable  bo  the  intense  pressure  fields 
associated  with  the  explosive  process.  Figure 
16  shows  some  HEMP  results  which  prove  useful  in 
assessing  such  issues  as  how  thick  a  layer  of 
explosive,  cr  what  type  of  explosive  is 
necessary  to  achieve  a  prescribed  hardening 
depth. 
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EQUATIONS -OF-STATE 


a)  PRESSURE-VOLUME-ENERGY  (P-V-E)  RELATIONSHIP 

•  DOMINATES  FOR  VERY  HIGH  PRESSURE  FIELDS 

•  HUGONIOT  CURVE  OBTAINED  FROM  PLATE-SUP 
TEST  CHARACTERIZES  SPECIFIC  MATERIAL 

P  •  A/x  +  B /a ^  +  C +  T(l+/x)  E 

WHERE  u  -  (l-M)N 

Stress 
(Pressure) 

Volumetric  Strain 

b)  MATERIAL  STRENGTH  EFFECTS  DOMINATE  FOR  MODERATE 
PRESSURE  FIELDS 

•  INCORPORATED  VIA  VON  MISES  YIELD  CONDITION 

sl2  +  S22  +  S32  <  (2/3)  Yq2 

(TAYLOR  TESTS  OR  HOPKINSON-BAR  TESTS) 


Fig.  I  —  Hugomot  equation  of  state 
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Fig  7  —  HEMP  simulaiion  of  pene'.raior  imeraciion  *uh  second  plate  of  array 
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Merit  Rating 


- ESR  Steel  7  N  a 

1 .4  _  -  VIM  Steel  /  * 


Brinell  Hardness 

MERIT  RATING-HARDNESS  RELATIONSHIPS  FOR  VACUUM  INDUCTION 
MELTED  AND  ELECTROSLAG  REFINED  STEELS 

l:ig  9  —  Merit  rating-hardness  relationship  for  vaiuurn  induction  melted  <.nd 
electroslag  refined  steels 
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12  —  HEMP  simulation  of  st«pp«d  piojecnle  expeiimenl 
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Fig  IS  —  HEMP  rimulaiion  of  lay  lor  lest 
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Fir  16  —  HEMP  simulation  of  explosive  hardening 
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AIR  FORCE  BASIC  RESEARCH  IN  DYNAMICS  AND 
CONTROL  OF  LARGE  SPACE  STRUCTURES 


Anthony  K.  Amos 
Program  Manager 
Aerospace  Sciences 

Bolling  Air  Force  Base,  DC  20332-6448 


INTRODUCTION 

The  future  of  the  U.S.  national  security 
lies  in  space!  Space  provides  unparalelled 
opportunities  for  global  surveillance, 
communication,  and  directed  energy  weapons 
basing.  These  activities  are  necessary  to 
Implement  national  policies  of  denying  the  enemy 
ready  access  to  space  with  offensive  weapons,  of 
creating  a  defensive  shield  against  strategic 
weapons,  and  of  assuring  compliance  by  all 
parties  of  international  arms  limitation 
agreements.  The  physical  assets  needed  to 
support  such  activities  must  meet  much  higher 
performance  and  precision  requirements  than  can 
be  assured  by  current  technology.  Hence  the 
last  five  to  ten  years  have  seen  intensive 
research  by  many  organisations  (NASA,  DARPA,  and 
DoD)  to  assess  and  develop  the  needed 
technologies  in  many  topics  including  space 
power  and  propulsion,  space  communication, 
directed  energy  weaponry,  and  large  space 
structures.  The  U.S.  Air  Force  has  and 
continues  to  play  a  major  role  in  this  effort 
with  system  studies  to  define  possible  future 
missions,  preliminary  and  advanced  developments 
to  validate  concepts  and  define  specific 
technology  requirements,  and  basic  research  to 
assure  future  availability  of  the  requirements. 

As  manager  of  all  Air  Force  basic  research 
the  Air  Force  Office  of  Scientific  Research  is 
the  focus  of  ongoing  space  related  basic 
research  covering  many  topics  such  as  Space 
Power  and  Propulsion,  Spacecraft  Survivability, 
Imaging,  Laser  Communication  and  Weaponry, 
Spacecraft  Materials  and  Structures. 

Participants  Include  in-house  researchers  at  the 
Air  Force  Laboratories  as  well  as  extramural 
researchers  from  industry  and  academia.  This 
paper  provides  an  overview  of  an  element  of  the 
Spacecraft  Materials  and  Structures  program 
dealing  with  the  dynamite  and  control  of 
evolving  spacecraft  structural  systems.  The 
relevant  active  projects  are  listed  in  Figure 
1.  The  detailed  material  presented  here  is 
based  primarily  on  the  APOSR  Structural 
Mechanics  activity  since  time  and  space 
precludes  a  broader  scoped  presentation  covering 
all  the  projects. 


The  projected  structural  systems  are 
typically  large  in  comparison  with  current 
spacecraft  designs  due  primarily  to  the  nature 
of  the  missions  Involved.  For  example,  military 
communication  would  require  RF  Antennas  of 
effective  diameters  in  the  range  of  100  meters 
of  more  depending  on  the  wavelengths  of  the  RF 
carriers  involved.  Economic  considerations 
would  require  that  they  be  lightweight  and 
either  deployed  or  assembled  in  orbit  from 
components  transported  from  earth.  In  addition, 
operational  requirements  demand  effective 
attitude  control  to  maintain  prescribed  llne-of- 
sight  within  very  close  tolerances,  and  the 
ability  to  rapidly  change  line-of-sight  by 
slewing  with  minimal  distortion  due  to 
structural  vibrations.  For  reflective  surfaces 
of  antennas  and  optical  mirrors  additional 
distortion  arising  from  deformations  of  the 
surface  from  a  desired  geometric  shape  must  also 
be  reduced  to  a  minimum. 

For  the  above  reasons  positive  control  of 
the  system  dynamics  (Including  structural 
flexibility  contribution)  must  be  exercised  at 
all  times  during  the  operational  lives  of  these 
future  high  performance  systems.  Both  active 
and  passive  means  of  control  are  viable  options; 
they  may  both  be  necessary  under  certain 
condl t tons . 


PASSIVE  CONTROL 

Passive  control  relies  on  mechanisms  for 
dissipation  of  mechanical  energy  from  a  dynamic 
system  co  minimize  vibrations  and  dynamic  loads, 
and  to  reduce  the  likelihood  of  mechanical 
instabilities.  The  commonest  of  these 
mechanisms  is  structural  damping  which 
originates  from  a  variety  of  sources  including 
Internal  hysteresis,  joint  friction,  aerodynamic 
loading  end  external  devices. 

Damping  technology  Is,  from  the 
applications  standpoint,  fairly  well 
developed.  The  turbomachinery,  rotorcraft  and 
aircraft  engine  communities  routinely  rely  on 
damping  for  controlling  the  dynamics  of  rotating 
components.  Nonetheless,  there  is  a  perceived 
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lack  of  adequate  understanding  of  the  basic 
phenomenology  of  damping  which  Is  reflected  In  a 
high  degree  of  quantitative  unpredictability  of 
its  effect  In  specific  designs.  The  state-of- 
the-art  In  damping  design  is  one  of  virtual 
"trial  and  error". 

Air  Force  Basic  Research  In  passive  control 
consists  of  efforts  to  (a)identify  and  model 
friction;  a  major  contributor  to  damping  In 
built-up  structures,  (b)develop  constitutive 
models  of  material  viscoplasticity  and  Internal 
damage  responsible  for  hvsterltic  behavior,  and 
(c)explore  the  use  of  viscoelastic  and  piezo¬ 
electric  materials  for  damping  enhancement, 

A  non-local  friction  theory  has  been  under 
development  over  the  last  three  years  by  J. 
Tinsley  Oden  of  the  University  of  Texas, 

Austin.  It  Is  based  on  the  premise  that 
Coulomb's  Law  applies  not  on  a  pointwtse  basis 
but  rather  to  a  summation  of  interactions  over 
actual  areas  of  material  contact  which  depend  on 
the  nature  and  distribution  of  asperities  over 
the  Interface  surfaces-  It  further  accounts  for 
the  deformations  of  the  asperities  which  are 
generally  non-elastic  even  for  metals.  For 
newly  formed  surfaces  under  moderate  normal 
loads,  interface  constitutive  models  have  been 
developed  Involving  power  law  relationships. 
Variational  principles  have  been  established  for 
integrating  these  relations  into  the  system 
dynamic  equations  and  finite  element 
computational  schemes  have  been  developed  for 
numerical  approximation  of  the  resulting 
nonlinear  equations.  Figure  2  6hows  the  results 
of  a  sample  application  of  the  theory.  The 
friction  stress  results  clearly  depict  stick- 
slip  motion  which  has  long  been  observed 
experimentally.  The  normal  stress  results  are 
new  revelations  requiring  further  verification. 

The  Hodne r-Pa rtorr  the noovi scoplast  1  c 
constitutive  model  is  the  product  of  about  ten 
years  of  Air  Force  sponsorship  of  research  by 
Sol  Bodner  and  co-lnves t lga tors  at  the  Technion, 
Israel  Institute  of  Technology.  This  is  a 
phenomenological  model  of  the  unified  theory 
variety,  l.e.  it  describes  s imviltaneous 
occurrence  of  both  elastic  and  plastic 
deformations  uner  all  loading  conditions,  and 
requires  no  yield  surface  specification.  It 
uses  internal  variables  to  model  damage , 
hardening  and  tenpe ra tur e  dependence.  It  lias 
demonstrated  god  correlation  with  experimental 
data  generated  for  a  wide  range  loading 
situations.  Figure  3  depicts  some  results  of 
one  Such  correlation  study  based  on  cyclic 
loading  tests  involving  out-of-phase  axial  - 
torslon  combination.  This  study  was  performed 
by  the  Southwest  Research  Institute  under  a  NASA 


enhancement,  and  for  representing  the  effects  of 
the  local  dynamics  In  the  analytical  models  of 
the  parent  structures.  Richard  Trudell  of 
McDonnell  Douglas  Astronautics  Company  and 
Lawrence  Rehfieid  of  the  Georgia  Institute  of 
Technology  as  co-investigators  developed  a  lap 
Joint  concept  with  viscoelastic  layers  that  is 
optimized  for  damping  subject  to  stiffness 
constraints.  They  developed  finite  clement 
modeling  techniques  for  the  nonlinear  hysteretlc 
behavior  of  the  joint  and  evolved  a  unique 
experimental  technique  for  determining  the 
effective  damping  of  such  joints.  This  involves 
the  transmission  of  a  pulse  wave  through  the 
joint  and  use  of  the  amplitude  and  phase 
modulation  of  the  exit  signal  to  calculate  the 
effective  Joint  stiffness  and  clamping.  Plans  to 
extend  these  results  from  the  axial  loading 
conditions  studied  to  combined  axial  and  bending 
situations,  and  to  examine  other  joint  concepts 
have  been  temporarily  suspended  due  to  budgetary 
constraints.  Similarly,  the  subject  of  piezo¬ 
electric  damping  enhancement  is  a  planned  future 
focus  of  research  investment. 


ACTIVE  CONTROL 

Active  control  of  the  dynamics  of  flexible 
structures  is  the  result  ofjudiclous  application 
of  forces  (and/or  torques)  additional  to  the 
normal  inertial,  stiffness  and  damping  effects 
by  means  of  actuators  permanently  Incorporated 
into  the  structure,  and  activated  according  to 
some  control  logic  implemented  in  onboard 
electronic  subsystems  that  may  or  may  not 
require  dynamic  response  Inputs  from  sensors 
attached  to  the  structure.  These  additional 
forces  provide  the  means  for  modifying  the 
dynamic  behavior  of  the  unaided  structure  to 
Improve  system  performance.  Their  proper 
selection  is  the  essences  of  active  dynamic 
control.  As  indicated  in  Figure  <^,  t lie 
selection  process  (control  synthesis)  must  meet 
two  fundamental  and  potentially  disparate 
goals:  maximum  performance  improvement  over  the 

unaided  structure,  and  stability  of  the 
resulting  controlled  structure  (robustness). 

The  basis  of  current  control  synthesis 
practice  Is  Linear  Quadratic  Gaussian  (LOG) 
theory.  It  requires  a  linear  model  of  the 
structural  dynamics,  a  linear  relationship 
between  the  forces  and  Input  signals  of  the 
actuat  -rs,  a  linear  transfer  matrix  relationship 
between  estimates  of  the  dynamic  state  (or 
sensor  outputs)  ar.d  the  actuator  input  signals, 
and  the  minimization  a  quadratic  "cost" 
functional  of  the  dynamic  state  in  r he  presence 
uf  Gaussian  white  noise  as  the  criterion  for  the 
selection  of  the  various  coefficients  in  the 
transfer  functions.  Th i s  is  hrieflv  outlined  In 


A  cooperative  industry-academia  research 
effort  just  cor.pleted  has  been  focused  on  the 
development  of  analytical  and  experimental 
methods  of  cha  rac  tt*  r  l  zi  ng  the  localized  dynamic 
properties  of  structural  joints  which 
incorporate  viscoelastic  treatments  for  damping 


procedure  leads  to  a  set  of  Ricatti  Equations 
whose  so l lit  ten  establishes  the  control  gain 
matrix.  These  are  nm-lnear  matrix  differential 
(algebraic  under  spe«  in]  renditions)  equations 
with  no  known  analytic  solutions.  Numerical 
integration,  the  only  prac*.  tea]  solution 
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approach,  is  so  computationally  intensive  as  to 
be  feasible  only  for  problems  with  "few"  state 
variables  (in  the  teens  on  current  generation 
mainframe  computers).  On  the  other  hand  the 
dynamic  variables  of  the  structure  can  number 
several  orders  of  magnitude  in  excess  of  these 
limits.  Consequently  it  is  necessary  to  base 
the  control  synthesis  on  a  low  order  model 
derived  from  the  dynamic  equations  of  the 
structure.  Development  of  criteria  to  govern 
this  model  order  reduction  process  is  one  of  the 
major  research  thrusts. 

Another  thrust  is  the  establishment  of 
robustness  criteria  and  procedures. 
Implementation  of  a  control  design  on  the 
structure  can  be  expected  to  result  In 
suboptimal  performance  realizations  because  of 
inevitable  differences  between  the  real  system 
and  that  represented  by  the  control  synthesis 
model,  arising  from  a  variety  of  sources.  Among 
them  are  system  parameter  uncertainty  and 
randomness  -  the  properties  characterizing  the 
dynamics  of  the  system  are  represented  by 
idealized  parameters  that  ignore  possible  random 
variability  and  measured  within  limited 
precision,  unmodelled  dynamics  -  the  consequence 
of  order  reduction,  and  unpredictable  noise 
inputs  from  the  real  operational  environments. 
Without  proper  accommoda l loo  thebe  differences 
can  lead  to  serious  degradation  In  performance 
and  possible  loss  of  dynamic  stability. 

Other  research  thrusts  include  extensions 
to  active  control  methodologies  to  directly 
addrewS  system  nonlinearities,  and  expe r lmenta 1 
validation  of  novel  active  control  concepts  and 
procedures.  Figure  6  lists  currently  active 
research  efforts  In  active  controls.  A  few  of 
these  are  described  below  as  a  demonstration  of 
the  scope  and  approaches  being  used  to  address 
the  issues  above. 

David  Hyland  and  Nick  Bernstein  of  the 
Harris  Corporation  are  addressing  the  issues  of 
model  reduction  and  robustness  through  the 
application  of  stochastic  modeling  and  subspace 
projection  concepts.  The  stochastic  modeling 
approach  entails  the  explicit  representation  of 
system  uncertainty  and  model  error  in  the  system 
dynamic  equations  using  "maximum  entropy"  ideas 
from  stochastic,  theories.  The  subspace 
projection  approach  using  optimality  criteria 
results  in  model  order  reduction  which  Is 
optimal  with  respect  to  dynamic  fidelity  to  the 
full  order  model.  Figure  7  illustrates  how  the 
maximum  entropy  approach  modifies  the  system 
dynamic  equations  and  the  performance  criterion 
for  optimal  control.  The  optimal  projection 
approach  i6  illustrated  In  Figure  ft,  and  Figure 
9  shows  how  the  combination  of  the  two  features 
wiLli  uptiuiai  tuni.  I  wa  l  csult  a  In  both  t  he 

modification  of  the  Rlcatti  equations  and  their 
augmentation  with  Lyapunov  type  conditions. 
Figure  10  Illustrates  robustness  improvement 
over  standard  LQG  that  results  from  application 
of  the  Maximum  Entropy /Opt imal  Projection 
(ME/OP)  to  a  sample  problem  involving  control  of 
the  llne-of-s igh t  (LOS)  of  a  hypothetical 


shuttle-borne  antenna  experiment.  The  specific 
application  was  supported  by  NASA  Langley  under 
the  "Spacecraft  Control  Laboratory  Experiment" 
(SCOLE)  program. 

An  adaptive  strategy  for  accommodating 
parameter  uncertainty  is  the  premise  of  the 
research  effort  by  Michael  Lyons  and  Robert 
Kosut  of  the  Integrated  Systems,  Inc.  (ISI),  In 
adaptive  control,  the  control  synthesis  model  is 
based  on  online  estimation  of  the  syctero 
parameters.  The  schematics  of  Figure  11 
illustrate  both  the  adaptive  control  and  the 
parameter  estimator  structures.  As  Indicated 
therein,  the  parameter  estimation  procedure 
involves  the  use  of  a  mathematical  model  whose 
input-output  relations  can  be  adjusted  to 
approximate  those  of  the  plant  (controlled 
system)  within  acceptable  error.  The  model  then 
torm6  the  basis  of  the  control  synthesis 
procedure.  As  with  fixed  gain  control  of  large 
scale  systems,  a  reduced  order  hiodel  is 
necessary  for  practicality  of  Implementation. 
Consequently  the  model  error  will  always  be 
finite  in  contradiction  of  classical  adaptation 
theory  which  presumes  a  perfect  model:  i.e.  the 
model  error  can  be  made  arbitrarily  small  for 
all  bounded  disturbances. 

Stability  criteria  of  the  classical  theory 
-  conditions  for  global  stability  -  are 
therefore  not  applicable  to  the  large  scale 
systems  control  problem.  A  new  theory  which 
admits  of  finite  model  errors  and  guarantees 
stability  only  for  specified  disturbances  - 
local  theory  -  must  be  established.  This  is  the 
thrust  of  the  ISI  effort.  The  local  theory 
development  has  been  aimed  at  extending  adaptive 
theory  from  finite  dimensional  discrete  systems 
to  distributed  large  order  systems,  and  at 
accounting  explicitly  for  non-vanishing  model 
error.  Analytical  formulation  of  model  error 
has  been  developed  based  on  parametric  models 
for  Identification  and  control  synthesis.  The 
model  error  serves  as  the  basis  ot  a  procedure 
developed  for  implementing  both  the  model 
reduction  and  parameter  identification  steps  of 
adaptive  control.  Minimization  of  the  model 
error  serves  as  criterion  for  the  parameter 
identification  step,  and  defines  the  allowable 
error  for  the  control  synthesis  step.  The 
adaptation  process  therefore  becomes  one  of 
Iteratively  driving  the  eetlroatd  error  for  the 
closed  loop  system  below  the  computed  allowable 
error.  The  procedure  Is  Illustrated  In  Figure 
12  for  a  simulation  application  involving  the 
CSDL  No.  2  model  (a  hypothetical  optical  system 
developed  at  the  Charles  C.  Draper  Laboratory 
for  use  in  the  development  and  validation  of 
active  control  methodology  under  the  DARPA  ACOSS 
program).  Figure  13  presents  some  simulation 

technology  to  the  problem  of  vibration  reduction 
In  a  helicopter  cockpit.  Fixed  gain  and 
adaptive  control  schemes  are  shown  to  be  both 
effective  ir.  an  order  of  magnitude  reduction  in 
vibration  lewis.  However  it  is  evident  that 
the  adaptive  control  scheme  required  much  less 
control  inputs  than  the  fixed  gain  approach  in 
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achieving  Identical  performance  levels;  a 
consequence  of  the  ability  of  adaptive  control 
to  tailor  the  reduced  order  model  for  control 
synthesis  to  the  specific  parameters  (by 
Identification)  associated  with  desired 
performance . 

Experimental  verification  of  active  control 
lavs  for  flexible  dynamic  systems  Is  being 
pursued  by  Bill  Hallauer,  Jr.  or  VPI.  The 
research  consists  of  the  development  of 
laboratory  test  articles  with  dynamic 
characteristics  representative  of  large  space 
structures,  analytical  modeling  for  control 
synthesis,  testing  of  the  models  Interfaced  to 
the  controllers  as  Implemented  in  the 
laboratory,  and  examination  and  Interpretation 
of  the  results.  Configurations  tested  to  date 
Include  a  pendulous  beam  and  an  oblique  grillage 
system. 

STRUCTURAL  MODELING 

A  number  of  ongoing  research  projects  are 
concerned  vrlth  various  aspects  of  structural 
dynamic  modeling.  The  development  of  accurate 
models  representing  both  the  structural  dynamics 
and  the  controls  elements  of  the  coupled  system 
Is  the  general  goal  of  the  efforts  of  Ed  Haug  of 
Iowa  University,  Ed  Crawley  of  MIT,  Satya  Atlurl 
of  the  Georgia  Institute  of  Technology,  and 
Ahmed  Noor  of  the  George  Washington 
University.  Ed  Haug's  Interest  Is  In  the 
simulation  of  multi-body  dynamics  with  due 
consideration  of  flexibility  effects  and  the 
resulting  nonllnearitles  of  large  scale 
motions.  Ed  Crawley  Is  pursuing  the  concept  of 
"Intelligent"  structures  composed  of  constituent 
elements  made  up  of  passive  structure  and 
associated  control  system  components, 

Interacting  with  each  other  In  a  hierarchical 
format,  Satya  Atlurl's  research  la  developing 
computational  algorithms  for  the  nonlinear 
translenr  analysis  of  actively  controlled 
structures.  Ahmed  Noor  Is  developing  equivalent 
continuum  modeling  concepts  for  large  flexible 
systems . 

Another  aspect  of  the  modeling  activity  Is 
that  of  optimization  of  the  Integrated 
structure-controls  system.  From  the  design 
standpoint  It  Is  reasonable  co  expect  that 
significant  benefits  of  performance  and  economy 
are  achievable  if  the  structure  and  control  were 
synthesized  from  the  outset  to  meet  desired 
performance  objectives,  In  contrast  to  the 
traditional  approach  o.‘  first  designing  the 
structure  and  then  augmenting  Its  performance 
through  controls.  To  explore  the  possibility  of 
this  new  methodology  Bob  Skelton  and  Henry  Yang 
of  Purdje  University  In  a  Joint  effort  have  been 
o e v e a „ 1  ng  a  finite  c . c me n t  —  ba s c d  approach  in 
which  the  modal  cost  criterion  for  model  order 
reduction  has  been  reformulated  to  Include 
finite  element  characteristics  (grid  profile, 
polynomial  shape  function  order,  etc.)  and  the 
control  objective  function  Incorporates  direct 
structural  model  parameters.  A  similar  approach 


being  Investigated  by  Mohan  Aswan!  and  G.  T. 
Tseng  of  the  Aerospace  Corporation  uses 
equivalent  continuum  modeling  concept  as  a 
basis.  Sam  McIntosh  of  McIntosh  Structural 
Analysis  la  Investigating  approaches  for  the 
Incorporation  of  controller  gains  In  design 
optimization  constraints  and  grammlans.  In  a 
similar  vein,  John  Junklna  of  the  Texas  AAM 
University  (formerly  VPI)  Is  extending  control 
synthesis  methodology  to  account  for  structural 
and  flight  mechanics  parameters  -  with 
particular  emphasis  on  the  nonllnearitles  they 
generate.  Results  to  date  Include  methodologies 
for  optimal  maneuvering  control  and  eigenvalue 
placement  for  optimum  performance  and 
robustness. 

Transient  dynamic  phenomena  In  the  form  of 
propagating  disturbances  are  expected  to  play  a 
major  role  In  the  on-orblt  dynamic  response  of 
large  space  structures  due  to  their  greater 
flexibility  and  physical  size.  Conventional 
methods  of  dynamic  analysis  using  vibration 
modes  are  not  well  suited  to  the  propagating 
wave  event  because  the  highly  localized  nature 
of  the  disturbance  requires  the  superposition  of 
large  numbers  of  modes.  Research  to  understand 
and  model  travelling  waves  In  structures  and  to 
exploit  them  for  more  effective  active  controls 
Is  being  pursued  at  Stanford  University  by  Holt 
Ashley,  at  MIT  by  Jim  Williams,  and  by  K.  C. 

Park  of  Lockheed  Palo  Alto  Research 
Laboratory.  Figure  14  Is  an  Illustration  of  an 
early  result  of  the  Stanford  effort.  It  depicts 
a  unique  property  of  periodic  structures  In 
filtering  waves  In  discrete  frequency  bands 
centered  around  the  fundamental  and  higher 
harmonic  frequencies  of  a  unit  repeating  cell. 

At  Cornell  University  Francis  Moon,  In 
collaboration  with  Phillip  Holmes  and  Richard 
Rand,  Is  engaged  In  the  Investigation  of 
nonlinear  dynamics  from  a  topological 
perspective.  The  goal  is  to  Identify  conditions 
under  which  dynamic  systems  became  chaotic. 

Using  simple  models  (e.g.  buckled  beam)  the 
baBlc  attributes  of  chaos  have  and  continue  to 
be  explored.  The  results  of  this  fundamental 
study  are  enabling  research  into  chaotic 
tendencies  of  more  practical  systems  such  as  the 
two  segment  manipulator  arm  shown  in  Figure 
15.  As  dynamic  systems,  robotic  devices  with 
flexible  linkages  are  known  to  exhibit  chaotic 
behavior  under  certain  conditions.  It  Is  the 
goal  of  the  Cornell  effort  to  Identify  theue 
conditions. 


CONCLUSION 

The  Air  Force  Basic  Research  in  Dynamics 
and  Control  cf  Large  Space  Structures  is,  as  has 
been  deeor.strst hers  3  ccenr?ht?n9 lv?  nro<*rs!s 
that  addresses  several  of  the  many  scientific 
and  technological  issues  relating  to  the 
development  and  operation  of  very  large  and 
sophisticated  high  performance  systems  in  the 
relatively  unfamiliar  space  environment.  The 
design  challenge  has  motivated  roost  of  the 
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ongoing  research  to  date.  It  Is  perceived  that 
these  have  evolved  modeling  concepts, 
computational  algorithms  and 
perfonaance/stablll ty  criteria  capable  of 
supporting  the  design  process.  However, 
analytical  and  experimental  methods  and  the 
experience  data  base  needed  to  support  the 
validation  of  designs  prior  to  commitment  to 
lsunch  ere  still  sparse  or  nonexistent.  The 
AFOSR  program  Is  therefore  In  the  process  of 
shifting  emphasis  from  the  synthesis  to  the 
simulation  objectives  of  the  technologies.  It 
Is  intended  to  embark  on  the  development  of 
modeling  and  computational  capabilities  needed 
to  perform  high  fidelity  simulation  of  orbital 
dynamlca  Including  operational  maneuvers  and 
developmental  functions  of  deployment  and 
assembly. 

Since  It  Is  perceived  that  transient 
phenomena  of  the  travelling  wave  variety  will  be 
dominant  in  the  orbital  dynamics  of  the  systems, 
It  Is  intended  to  aggressively  pursue  this  topic 
in  the  near  future.  It  Is  further  Intended  to 
continue  research  of  nonllner  dynamlca  effects 
with  partlculat  emphasis  on  chaos. 
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Aerospace  Sciences 


SPECIFIC  PROGRAMS 


AFOSR  -  STRUCTURAL  MECHANICS 

-  DISTRIBUTED  CONTROLS 
AFVIAL  -  STRUCTURES  a  DYNAMICS 

-  FLIGHT  CONTROLS 
FJSRL  -  AEROSPACE  fCCHANICS 


DR  ANTHONY  AMOS 
DR  MARC  JACOBS 
DR  VIPPERLA  VANKAYYA 
DR  SIVA  BAIDA 
CAPT  STEVE  LM  RSCN 


Fig  1  -  Acuve  programs  in  spacecraft  materials  and  structures 
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New  Friction  Model  Reveals  Parasitic  Normal  Vibrations  During  Sliding 


MODEL  FEATURES 

•  Interface  Medium  of 
Microscopic  Dimensions 

•  Interface  Constitutive  Relations 
—  Power  Law  Elastic  Component 

—  Nonlinear  Dissipative  Component 

e  Variational  Principle 
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Fig  2  —  New  trillion  modol  reveals  paras  lic  Mhraimns  during  sliding 
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Constitutive  Modeling 

Bodne'-Partom  Theory  Accurately  Simulates  Tension-Torsion  Cyclic  Behavior  of 
Hastelloy-X. 
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ACTIVE  DYNAMIC  CONTROL 

KIX  +  CX  +•  K.X  —  -f'ct)  4-fA^) 

STATE  SPACE  KMJLATIOU: 


2  *  Al  +  F%; 

•  SELECTION  OF  F*  TO  GIVE  "BEST"  £  (CONTROL  SOESIS) 

•  ASSURE  STABILITY  OF  "BEST"Z  IN  PRESENCE  OF 
UNCERTAINTIES  IN  PARAMETERS  M,  C,  K 

-  F*  F*  (ROBUSEESS' 


Fie  4  -  Active  dynamic  con'rol  o;  fleiuble  siructures 
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:0NTR0L  SYNTHESIS 


LINEAR  THEORY (LQ6) 
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RICATTI  EQUATIONS 

IL_ 


Z  =  STATE  VARIABLE 
U  =  ACTUATOR  INPUTS 

Y  »  SENSOR  OUTPUTS 

J  *  COST  FUNCTION 

Q,R  *  WEIGHTING  MAI  RICES 

G  *  FEEDBACK  GAIN  MATRIX 


•  PROCEDURE  PRACTICABLE  FOR  LOW  ORDER  SYSTEMS  ONLY 

•  ORDER  OF  STRUCTURAL  MODELS  MUST  BE  REDUCED  FOR  CONTROL  SYNTHESIS 

Fig  5  —  Fqualions  for  control  synthesis 


48 


t  ?»* 


Air  Force  Basic  Research 

Aerospace  Sciences 


0N-60ING  EFFORTS  IN  ACTIVE  CONTROLS 


•  OPTIMAL  PROJECTION/MAX  ENTROPY  CONTROL  SYNTHESIS 

•  ADAPTIVE  CONTROL  THEORY  FOR  LSS 

•  EFFECTS  OF  1 MPLEMENTATI ON70PERAT I ONAL  CONSTRAINTS 

•  EXPERIMENTAL  VALIDATION  OF  CONTROL  LAWS 

•  HIERARCHICAL  CONTROL  CONCEPTS  FOR  LSS 

•  NONLINEAR  OPTIMIZATION  OF  STRUCTURE  AND  CONTROLS 


HYLAND, BERNSTEIN/HARR  IS  CO 
LYONS, KOSUT/lSI 

meirovitch/vpi 

hallauer/vpi 

crawley/mit 

JUNKINS/vPt, TAMU 


Pig  6  -  On  going  rciCjrch  ctforts  m  aclue  control* 


I 

i 

I 

I 

> 

> 


t 


Air  Force  Basic  Research 

Aerospace  Sciences 
ROBUST  CONTROL 


HIGH'ORDER,  UNCERTAIN  PLANT 
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LOW-ORDER  CONTROLLER 


PERFORMANCE  CRITERION 

J(Ac,Bc,Cc)  =  NmE[xTR1x  ♦  2xTR12u  +  uTR2u] 


Fig  7  —  MJximum  entropy  approach  for  modifying  system  dynamic  equations 
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OPTIMAL  MODEL  REDUCTION  PROBLEM 
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STEADY  STATE  TRACKING  CRITERION 
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Structural  Periodicity  Filters  Bands  of  Travelling  Wave 
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Fin  15  —  Choxolic  dynamic  systems 


STATE-OF-THE-ART  ASSESSMENT  OF 
STRUCTURAL  DYNAMIC  RESPONSE  ANALYSIS  METHODS 
(DYNAS) 


D.  J.  Evlns  and  M.  Imregun 
Dynamics  Group 
Mechanical  Engineering 
Imperial  College  of  Science  &  Technology 
London,  UK 


ABSTRACT 

Following  interest  In  surveys  to  assess 
current  capabilities  In  the  field  of  measuring 
structural  dynamic  data,  a  new  study  ('-odename 
DYNAS)  has  been  undertaken  to  make  a 
corresponding  assessment  of  dynamic  analysis 
prediction  methods.  A  test  structure  has  been 
oesigned  and  its  specification  distributed  to  a 
number  of  organisations  who  have  undertaken  a 
structural  dynamic  analysis  of  it.  The  first 
phase  of  results  from  the  DYNAS  survey  have  been 
collected  and  compared  and  are  presented  lr.  this 
paper,  Including  modal  properties  and  various 
response  characteristics  (both  frequency 
responses  and  transient  response  histories). 

The  results  tram  12  submissions  are  found  to 
exhibit  a  wide  range  of  levels  of  agreement.  It 
Is  concluded  that  although  accurate  ar.alyaes  are 
possible,  r  number  of  techniques  used  by 
participants  In  the  survey  did  not  produce 
reliable  results.  Some  form  of  self-assessment 
la  considered  desirable  for  swh  ccwnlex  dynamic 
analysis  tasks. 


1.  INTRODUCTION 

The  origins  of  the  survey  described  In  this 
paper  go  back  over  20  years  to  the  'Round  Robin" 
exercise  conducted  by  the  Naval  Research 
Laboratory  (USA)  in  ordar  to  assess  the 
reliability  of  the  mobility  (then  impedance) 
measurement  methods  which  were  becoming  of 
Increasing  Importance  in  the  experimental  study 
of  structural  vibration  I  1  ]  .  At  that  time,  a 
set  of  simple  test  structures  were  circulated 
amongst  some  20  laboratories  In  the  USA  actively 
engaged  In  measuring  mobility  Guta.  Their 
respective  estimates  of  specified  mobilities 
were  collated  and  coopared.  resulting  In  the 
real  isai.iuu  ‘hat  a  relatively  high  appro*,  of 
unreliability  existed  In  this  process.  Some 
yea.,  t  later,  n  the  late  1970  s,  a  similar 
exercise  was  conducted  In  Europe  under  the 
rodename  "SAMM"  (State-of-the-art  Assessment  of 
Mctillit)  Measurements)  12],  followed  by  a 
restricted  version  In  the  USA.  One  of  the 
structures  used  In  this  later  exercise  Is  shown 


In  Fig.  1(a)  and  a  typical  result  from  the  15 
individual  measurements  of  one  of  the  specified 
mobility  parameters  Is  Bhown  alongside  In  Fig. 
1(b).  Clearly,  the  situation  at  that  time 
indicated  there  existed  considerable  scope  for 
Improvement  In  some  of  the  testing  techniques 
used.  The  essential  conclusion  drawn  from  the 
SAMM  survey  was  that  although  accurate  and 
reliable  measurements  of  mobility  (or  other 
forma  of  FRF)  are  possible,  not  all  methods  used 
are  capable  of  achieving  the  generally-required 
standard,  and  considerable  care  la  usually 
required.  Subsequent  to  the  publication  of  the 
SAMM  survey  results,  there  have  been  proposals 
for  a  standard  or  reference  teatplece  which 
could  be  easily  made  and  calibrated  by 
individual  laboratories  [3],  and  It  1b  probable 
that  some  such  reference  will  become  more  widely 
used  in  the  future. 

The  somewhat  sobering  experiences  from  the 
assessment  of  structural  dynamic  measurement 
methods  eventually  raised  similar  questions  In 
•aspect  of  the  corresponding  prediction 
capabilities.  Indeed,  the  SAMM  I1B  structure 
Illustrated  in  Fig.  1(a)  was  occasionally  used 
as  a  'teatplece'  for  predictions  of  natural 
frequencies  and  even  FRF  properties.  However, 
this  is  not  an  ideal  design  for  such 
applications,  and  its  use  In  this  role  was 
sporadic  and  varied.  Thug  it  was  decided  that  a 
specific  survey  should  be  conducted  along 
similar  lines  to  the  predecessors  but  this  time 
focussing  on  the  capabilities  of  prediction 
(rather  than  measurement)  methods.  Tbe  survey, 
codenamed  DYNAS  (Dynamic  Analysis  of  Structures) 
has  now  computed  Its  first  phase,  the  results 
from  which  are  of  sone  Interest  and  relevance  to 
the  dynamic  analysis  methods  In  use  today. 


2.  PLAN  OF  THE  SURVEY 

The  general  plan  for  the  DYNAS  survey  was  as 
fol lows : 

PHASE  I 

-  Design  a  suitable  te6t  structure 

-  Build  and  test  the  structure 
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-  Make  reference  drawings  of  structure 

-  Distribute  details  of  the  design  (but  not  test 
results)  to  participants 

-  Specify  requirements  for  dynamic  analysis 

-  Collect  and  collate  the  various  results 

-  Review  Phase  I  results 

PHASE  II 

-  Provide  experimental  results  (together  with 
collected  Phase  1  predictions)  and  specify 
(reduced)  analysis  requirements  for  Phase  II 

-  Collect  and  collate  Phase  II  analyses 

-  Review  Phase  II  results 

Various  parameters  wove  to  be  specified  for 
analysis  -  all  of  these  being  of  significance  In 
the  dynamic  analysis  of  structures  -  including 
inertia  properties,  modal  properties  and 
response  characteristics. 

At  each  stage,  it  was  Intended  to  make  a 
detailed  comparison  of  the  various  predictions 
for  each  of  the  specified  parameters  of 
Interest,  but  primarily  amongst  themselves. 
Although  comparisons  were  to  be  made  wltn  the 
experimental  measurement s ,  these  were  considered 
to  be  secondary  to  the  comparisons  between  one 
prediction  and  the  others. 

This  report  considers  the  collected  results  from 
Phase  I  of  the  survey. 


3.  TEST  STRUCTURE 

3.1  Specifications  The  structure  to  he  used  for 
the  survey  was  required  to  possess  a  number  of 
features  intended  to  ensure  an  efficient  and 
effective  evaluation  of  the  prediction  methods 
used.  First,  the  structure  needed  to  be 
complicated  to  some  degree  but  without  being 
unduly  extensive.  Thus,  any  complex  features 
should  appear  only  once  or  twice  and  not  be 
repeated  many  times  around  the  structure.  (For 
example,  a  conplex  Joint  should  be  included,  hut 
It  need  not  be  repented  8  or  12  times  as  this 
latter  aspect  merely  adds  to  the  extent  of  the 
modelling  requirements,  and  not  to  the 

dlf  f lcul ty . ) 

Next,  It  was  decided  that  the  model  should 
possess  one  plane  of  symmetry  so  chat  a  two- 
dimensional  analysis  would  be  possible.  Agaln> 
thlB  specification  was  Imposed  In  the  interests 
of  minimising  the  scale  of  the  modelling  and 
computation  tasks.  Third,  the  structure  was  to 
be  'bulldable"  so  that  an  actual  testpiece  could 
be  constructed  and  tested  for  comparison  with 
the  various  predictions. 

3.2  Design  The  design  eventually  chosen 
consisted  of  a  cylinder  and  an  1-sect  ton  beam 
connected  together  through  two  relatively  soft 
spring  units,  as  Illustrated  In  Fig.  2.  Fig. 
2(a)  gives  a  general  view  of  the  proportions  of 
the  structure  while  Fig.  2(o)  provides  more 
details  of  the  spring  connectors.  It  un¬ 
anticipated  that  this  design  would  possess 
vibration  modes  which  were  effectively  (1)  rigid 


bodies  bouncing  on  the  springs;  (11)  beam 
bending  modes;  (ill)  cylinder  bending  modes  or 
( i v )  complete  system  modes. 

3.3  Pat  a  Presided  The  Information  provided  to 
participants  In  the  survey  consisted  of  the 
following  data; 

-  Detailed  drawings  of  the  structure  (see  Fig. 

3,  for  example) 

-  Specification  of  master  coordinate  grid  points 

-  Measured  data  on  the  spring  stiffness 

-  Force-rime  alstorles  (for  transient  response 
analysis) 

.Ml  these  data,  together  with  details  of  the 
analysis  requirements  were  provided  In  a  booklet 
141- 

3. A  Preliminary  Tests  As  mentioned  earlier,  a 
set  of  preliminary  tests  were  made  on  the 
structure,  partly  to  ensure  that  the  dynamic 
ch..racterlm  les  to  be  predicted  were  relevant 
and  partly  to  provide  an  experimental  reference 
against  which  to  compare  these  predictions. 

These  measurements  Included  estimates  of  the 
structure  mass,  primary  mode6  of  vlhratlon,  FRF 
curves  and  transient  responses. 

A.  ANALYhla  KfcQUl R KKENI S 

4.1  General^  All  the  requirements  for 

part 'cl  net  Ion  in  the  survey,  and  the  details 
need sc?'v  to  define  the  test  structuie,  ware 
provided  in  a  booklet  (Ref.  [4]).  Although  the 
detailed  modelling  stave  was  left  e'.Mr-iy  ,o 
the  Individuals  taki;.g  port,  there  w.  -  „•  a  number 
of  reference  coordinates  prescribed  at  which 
data  concerning  mode  shapes  were  to  hr 
specified:  while  each  Individual  model  would 

use  Its  own  grid  to  describe  the  structure, 
these  14  reference  points  were  required  to  be 
Included  1  r.  each,  see  Figure  4. 

4.2  Required  Results  Data  were  required  In  four 
groups,  ._  •-rrjining  to  various  aspects  of 
structure)  dynamic  analyst:. 

The  first  group  of  data  concerned  the  basic 
inertia  properties  of  the  structure  and 
Inc luded : 

-  the  total  mass  (Mg) 

-  the  position  of  the  mass  centre  (xg,  y^) 

-  the  moment  of  Inertia  about  the  e-axls  (TIZ) 

These  data  were  required  In  Tabular  font. 

The  second  group  of  data  consisted  of  the  basic 
modal  properties  of  natural  frequency  (UJ  )  a  nd 
mode  shape  ((4)r)  f°r  each  of  the  modes  in  the 
specified  frequency  range  or  u  ->  z*)‘»u  nz.  ihese 
data  were  required  In  tabular  and  sketch  form 
and  also  Included  the  number  of  nodes  ( N) . 

The  third  group  of  data  consisted  of  selected 
freqency  response  functions  (FRF's),  computed 
in  a  standard  format  (Inertance,  or 


60 


acceleration/ tutr?)  over  ?  sued fiitl  ./ 

range  ( 0 "2 jv;*j  l*z>  ani  with  a  sraada.u  ut^uettL,/ 
spacing.  A  uniform  level  of  modal  damping  was 
prescibed  and  four  FRF  plots  were  required: 

~  H7,7>  h7 ,  10*  H10,7  and  H10. 10  (referred  to 
the  grid  numbering  system  shown  in  Figure  4.) 

These  data  were  required  in  digital  form. 

The  fourth  group  of  data  were  transient  response 
predictions.  Two  separate  single-point 
impulsive  excitation  time  histories  were 
provided  as  input  information  (see  section  3.3) 
and  a  small  number  of  corresponding  response 
time  histories  to  each  of  these  in  turn  were 
required  from  the  analyses.  The  two  pulses  were 
essentially  a  short  duration  one  (identified  as 
F^)  and  a  longer  duration  one,  F2,  both  applied 
at  grid  point  number  7.  Participants  were 
requested  to  compute  the  displacement  and 
acceleration  responses  to  each  of  these  forces 
separately,  for  the  four  key  grid  points  7,,  8, 

9,  and  10.  Once  again,  a  value  of  modal  damping 
was  specified  to  be  applied  to  all  modes. 

The  individual  responses  are  identified  as 
follows : 

-  R7F1 ,  R8F1 ,  R9F1  and  R10F1  for  the  first 
pulse,  and 

-  R7F2,  R8F2,  R9F2  and  R10F2  for  the  second 
pulse . 

These  data  were  also  required  in  digital  data 
form. 

This  complete  set  of  data  requirements  was 
formulated  in  order  to  exercise  the 
participants'  capabilities  to  perform  the 
various  stages  of  a  structural  dynamic 
analysis:  starting  from  the  simplest  level  (of 
inertia  properties),  through  the  'standard' 
eigenanalysis  for  mode  shapes  and  frequencies, 
to  the  more  demanding  response  predictions  which 
require  the  combination  of  the  modal  properties 
both  in  the  frequency  domain  (FRF's)  and  in  the 
time  domain  (transient  responses). 


5.  RESPONSE  TO  SURVEY 

5.1  Initial  Response  The  initial  announcement 
of  the  survey  attracted  some  25  organisations  to 
attend  the  preliminary  planning  meeting .  Of 
these,  20  agreed  to  participate  although  not  all 
succeeded  in  submitting  results  -  there  being 
just  12  sets  of  data  at  the  closure  of  Phase 

I.  Subsequently,  publicity  about  the  survey  has 
drawn  Interest  from  a  wider  area,  and  there  are 
several  independent  studies  under  way  (not  part 
of  the  formal  survey)  in  Canada,  India, 

Australia  and  the  USA. 

5.2  Data  Submission  All  digital  data  was  to  be 
submitted  on  magnetic  tape  (or  disc)  in  an 
agreed  format,  but  in  spite  of  detailed 
specification  of  the  requirements  and  options, 
there  were  still  many  difficulties  encountered 


t.o.*-  -ivi.i rd  data  submi  Iona .  in  ac. ditior. 
to  the  (inevitable?)  corruption  of  occasional 
data  files,  there  were  numerous  errors  in 
labelling  and  formats  as  well  as  duplicated 
files . 

Perhaps  more  serious  were  the  several  cases 
where  the  data  indicated  on  the  submission  were 
in  fact  different  from  those  actually  provided, 
either  by  being  the  wrong  units  (often  different 
by  a  factor  of  1000)  or  being  a  different  type 
of  function  (i.e.  displacement  instead  of 
acceleration).  On  some  occasions,  there  errors 
seemed  to  indicate  less  than  ideal  familiarity 
with  the  analysis  packages  used  to  generate  the 
data  being  submitted:  on  others,  simply  poor 
housekeeping  practices. 

5.3  Basic  Statistics  Although  only  peripheral 
to  the  main  results  of  the  survey,  some  overall 
statistics  on  the  methods  and  resources  used  by 
the  participants  are  included  here.  Table  1 
summarises  the  hardware  and  software  systems 
employed  by  the  12  participants  whose  results 
are  included,  together  with  an  indication  of  the 
type  of  mathematical  model  used  to  analyse  the 
structure.  Also  presented,  in  Table  2,  is  a 
record  of  the  approximate  effort  which  was 
expended  on  the  whole  analysis. 


6.  RESULTS 

6.1  Introduction  It  must  be  stressed  at  the 
outset  of  the  presentation  of  the  results  that 
the  primary  comparisons  to  be  made  are  between 
the  various  predictions  themselves,  and  not 
against  the  measured  data.  Although  comparison 
with  measurement  is  undoubtedly  of  interest  and 
relevance,  it  is  secondary  to  a  review  of  the 
scatter  or  variation  amongst  the  different 
analysis  methods.  For  this  reason,  the 
experimental  data  are  presented  later,  in  the 
Appendix,  although  in  the  same  format  as  the 
submitted  results  so  that  comparisons  can  be 
made . 

6.2  Inertia  Properties  The  simplest  set  of  data 
required  were  the  basic  inertia  properties  and 
the  results  submitted  are  presented  in  Table  3. 

6.3  Modal  Properties  The  results  presented  in 
Table  4  constitute  a  summary  of  the  major  modal 
properties  submitted.  The  far  right  hand  column 
indicates  the  number  of  modes  predicted  by  each 
participant  for  the  specified  frequency  range  of 
0  to  2500  Hz,  but  for  simplicity,  only  the  nine 
major  modes  identified  as  the  first  three 
'spring',  'beam',  and  'cylinder'  modes  have  been 
included  in  the  Table.  Figure  6  shows  examples 
of  the  mode  shapes  submitted  by  three 
participants  for  the  firBt  mode  in  each  group. 

It  had  been  intended  that  some  form  of  direct 
comparison  would  be  made  of  the  mode  shapes 
themselves,  but  in  the  event,  relatively  few 
sets  were  mass-normalised  (a  requirement)  and  so 
only  simple  graphical  sketches  of  the  type  shown 
in  Figure  6  were  made. 
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6*4  Frequency  Response  Plots  The  next  act  of 
results  consist  of  A  group  of  four 
displaceaent/force  FRF  plots  and  examples  of 
these  are  presented  in  Figures  7,  8,  and  9. 

Fig.  7  shows  the  complete  set  of  predicted 
curves  for  the  point  FRF  Hjq  ,q  whil?  Fig.  8 
shows  the  corresponding  plot 'for  the  transfer 
FRF,  Hy  iQ.  It  will  be  noticed  that  an 
extremely  wide  dynamic  range  Is  necessary  on  the 
FRF  modulus  axis  and  partly  as  a  result  of  this, 
all  the  curves  appear  to  be  in  relatively  close 
agreement.  Fig.  9  presents  the  data  from  Fig.  7 
In  somewhat  greater  detail  by  displaying  In 
three  smaller  frequency  ranges  -  (a)  0  to  150 
Hz,  (b)  300  to  1300  Hz,  and  (c)  1300  to  2500  . 
Hz.  From  these  plots  It  Is  easier  to  gauge  the 
level  of  agreement  between  the  12  different 
predictions.  It  can  be  seen  that  although  there 
Is  generally  a  wide  envelope  encompassing  the 
different  curves  -  and  this  would  tend  to 
Indicate  a  large  degree  of  variation  between  the 
results  -  there  are  a  number  of  results  (perhaps 
5  or  6)  which  are  in  quite  close  agreement 
amongst  themselves.  Attempts  to  relate  these  by 
a  particular  FE  code  produced  no  correlation  at 
all,  suggesting  that  the  way  the  modelling  was 
done  was  more  significant  than  the  system  used. 

6.5  Transient  Response  The  final  set  of  data  to 
be  submitted  were  the  transient  response  time 
histories  for  the  two  specified  input  pulses,  Fj 
and  Samples  of  the  results  from  this 

section  are  shown  in  Figures  10  and  11,  both 
relating  the  acceleration  response  at  point  7 
(to  the  excitations  applied  at  point  10).  The 
first  of  these  is  for  the  so-called  'hard' 
impact,  and  it  is  seen  that  a  very  wide  range  of 
response  levels  were  predicted  by  the  different 
analyses.  Of  course,  in  displaying  time 
histories  it  is  not  possible  to  use  logarithmic 
scales  and,  as  a  result,  it  has  been  necessary 
to  use  three  plots  for  this  first  case,  each 
having  a  response  scale  an  order  of  magnitude 
(or  two)  different  from  the  others.  Fig.  11 
shows  a  less  severe  result  for  the  'soft'  Impact 
case . 


7.  DISCUSSI0H 

We  hesitate  to  draw  sweeping  conclusions  from 
the  results  presented  in  this  paper.  Our 
experience  from  previous  surveys  is  that  the 
correct  conclusions  are  not  always  immediately 
clear  even  though  the  results  might  seem  to 
suggest  the  contrary.  Some  care  and 
considerable  thought  need  to  be  devoted  to  the 
interpretation  of  the  findings. 

It  is  clear  that  there  is  a  wide  variation  in 
the  various  predictions  of  the  dynamic 
properties  of  modal  parameters  and  responses  and 
that  several  of  the  predicted  data  must  be 
seriously  in  error.  Others  are  almost  certainly 
good  estimates  of  the  parameters  of  interest, 
and  so  it  must  not  be  concluded  (from  the 
scatter)  that  accurate  predictions  cannot  be 
made.  What  is  seen  is  that  inaccurate 
predictions  can  be  made  by  poor  analysis 


oetW)*.  and  this  is  probably  the  essence  of  the 
i'ltaioni't  throughout.  That  being  the  case, 
there  is  clearly  some  need  for  procedures  which 
could  indicate  the  quality  or  reliability  of  a 
given  prediction  so  that  a  good  analysis  can  be 
Identified  (as,  indeed,  can  a  poor  one). 

The  analyses  which  have  been  reported  here  were 
undertaken  in  the  most  arduous  of  conditions  in 
that  no  one  had  any  prior  experience  on 
structures  of  similar  design,  nor  were  any 
experimental  data  provided  to  guide  the 
analyses.  Either  one  of  other  of  these  aids 
would  generally  be  available  in  a  more 
'practical'  application  of  the  same  prediction 
techniques.  Thus,  the  next  stage,  or  Phase  2, 
will  seek  to  assess  the  methods  of  model 
refinement  or  adjustment  which  are  used  in  order 
to  develop  the  mathematical  model  which  can  be 
used  with  confidence  in  dynamic  analysis  design. 

It  will  be  noted  that  direct  comparisons  between 
the  predicted  results  and  the  experimental  data 
have  not  been  made,  although  some  relevant 
measurements  are  included  in  the  Appendix.  This 
procedure  was  adopted  for  a  number  of  reasons: 
the  predicted  responses  used  a  uniform  modal 
damping  factor  tfcich  was  certainly  different 
from  that  exhibited  by  the  structure,  the 
experimental  data  were  themselves  subject  to 
error  as  the  structure  turned  out  to  be 
difficult  to  test  and,  as  mentioned  before,  the 
main  objective  was  to  compare  one  prediction 
with  another.  One  of  the  complications  with  the 
testplece  was  that  the  two-dimensional  nature  of 
the  properties  produced  by  the  analyses  (i.e. 
absence  of  out-of-plane  modes)  could  not  be  so 
readily  matched  by  the  measurements  and  several 
of  the  lightly  damped  transverse  modes  are 
clearly  visible  in  FRF  measurements. 

However,  the  results  submitted  for  Phase  1  of 
the  survey  have  shown  the  existence  of  potential 
hazards  when  making  dynamic  analyses  for 
structures.  The  need  for  some  systematic  self¬ 
checking  procedures  in  these  analysis  methods  is 
clearly  identified. 


ACKNOWLEDGEMENTS 

The  survey  reported  in  this  paper  was  funded  by 
the  Ministry  of  Defence  (Admiralty  Research 
Establishment),  and  the  authors  wish  to  record 
their  gratitude  for  the  support  thus  provided. 
The  authors  would  also  like  to  record  their 
thanks  to  the  many  individuals  and  organisations 
who,  through  their  participation  in  the  survey, 
have  provided  most  of  the  information  described 
above . 


REFERENCES 

i.  Remmers,  G.  &  Belsheim,  R.  0.,  1964  "Effects 
of  Technique  on  Reliability  of  Mechanical 
Impedance  Measurement,"  Shock  and 
Vibration  Bulletin  34 


62 


fi-'Wkj’gj  »«8.  «, 


2.  Ewlns  ,  D.  J.,  1981  "State-of -the-Art 
Assessment  of  Mobility  Measurement 
Techniques:  A  Summary  of  European  Results," 
Shock  and  Vibration  Bulletin  51 


3.  Smallwood,  1),  0.  A  Gregory,  0.  L.,  "A 
Rectangular  Plate  la  Proposed  as  an  IES 
Modal  Teat  Structure,"  Proceedings, 

4ch  IMAC,  Los  Angeles,  CA,  February,  1986, 
pp  1246  -  1255  (February  1986) 


4,  Imregun,  M.  A  Ewlna,  D,  J.,  "DYNAS 

Participants'  Booklet,"  Imperial  College 
Dynamics  Croup  Report  No.  8405,  1984 


APPENDIX 

Sorer  of  the  measured  data  from  teats  on  the 
structure  are  Included  In  Figures  A1  to  A3. 

In  Fig.  A 1  a  plot  is  presented  which  compares 
the  various  predictions  for  the  natural 
frequencies  of  the  nine  major  modes  wit'  the 
values  deduced  from  tests.  Ideally,  a) i  points 
should  lie  on  a  line  of  45'  slope. 


Figures  A2(a)  and  (b)  show  the  measured  FRF 


curves  H.q  .q  and  Hy 
to  the  predicted  res 


and  Hy  .Q  respectively  and  relate 
ed  results  ehown  In  Figures  7  and 


Figures  A3(a)  and  (b)  show  measurements  of  the 
response  at  point  7  to  the  transient  excitations 
F|  and  F 2  respectively  and  which  compare  with 
the  predictions  shown  In  Figures  10  and  11. 
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Discussion 

Mr.  Haims  (Synergistic  Tgmdgg^;  Can  you 
make  my  eotsnent  about  -the  case  where  you  bad 
several  users  of  the  same  finite  element  code? 
Can  you  make  any  consent  about  the  consistency 
that  you  observed  in  the  results  that  you  got 
with  that  tool,  as  opposed  to  the  consistency 
across  the  users  of  several  different  codes? 

Mr.  Evins:  We  looked  at  the  results  for  just 
that  correlation,  and  ve  could  not  find  any.  I 
think  one  of  the  conclusions  ve  are  lead  to  is, 
it  is  the  user,  and  not  the  code  that  is 
critical.  There  are  discussions  about  approving 
or  validating  or  licensing  finite  element 
codes.  It  is  quickly  coming  around  to  the 
suggestion  of  approving  or  validating  or 
licensing  the  users,  and  not  the  codes.  But 
there  vas  no  obvious  correlation  in  that 
sense. 

Mr.  Goff  (General  Electric);  You  had  a  set  of 
participants  that  seemed  to  get  reasonably  good 
results  for  the  lov  frequency  end  of  the 
frequency  response  function.  Did  you  have  a 
similar  subset  that  seemed  to  be  able  to  give 
you  reasonable  results  for  the  transient 
response,  at  least  to  the  soft  intact?  Vas 
there  any  consistency  there  at  all? 

Mr.  Evins:  There  is  an  element,  but  it  is  less 
clear  cut  in  the  transient  response;  a  number  of 
participants  did  get  consistent  results  for  the 
transient  response  to  the  soft  inpact.  But, 
they  vere  not  the  same  people.  We  have  not 
shown  you  the  hard  inpact  results  because  they 
are  not  digestable  this  early  in  the  morning. 

We  had  to  plot  them  in  three  stages,  the 
standard  range,  vhich  is  more  or  less  the  same 
scale  as  the  experimental  results,  1/10  of  the 
standard  scale,  and  10  times  the  standard 
scale.  The  second  and  third  of  those  groups  are 
not  in  the  right  ball  park;  but  the  others 
are.  For  each  of  the  cases  vith  the  frequency 
response  and  the  transient  response,  there  is  a 
group  vhich  came  out  vith  something  that  looked 
consistent  among  themselves,  and  perhaps  the 
most  inportant,  also  in  line  vith  the  measured 
data. 

Voice:  Was  the  omission  of  constraints  and 
going  to  a  free  free  case  due  to  the  fact  that 
the  constraints  would  have  complicated  the  case, 
or  vere  there  other  considerations? 

Mr.  Evins:  It  was  really  because,  in  spite  of 
the  comments  from  ny  learned  friend  here,  the 
experimental  data  vould  be  more  reliably 
produced  for  a  quasi  free-free  case  than  for  a 
quasi  clasped  case.  It  vas  al3o  slightly 
deliberate,  malicious  you  might  say,  because  the 
analysis  packages  sometimes  have  more  difficulty 
coping  vith  the  zero  frequency  modes.  In  trying 
to  exercise  the  analysis  procedures,  that  vas 
felt  to  be  a  little  bit  more  demanding. 

Mr.  Tustin  (Tustin  Institute  of  Technology: 

What  sort  of  estimated  man  hours  vould  go  into 


an  analysis  such  as  this,  asssumlng  that  one  had 
the  tools  vith  vhich  to  do  it? 

Mr.  Evins;  I  have  a  plot  vhich  shovs  that,  and 
it  also  shows  the  number  of  modes  that  the 
participants  found.  We  asked  the  participants 
that  question,  and  there  are  the  results.  It  is 
&  ratio  of  10  to  1  in  the  effort  put  into  '.*• . 

Mr.  Tustin:  How  awry  haura  would  it  take  to 
build  the  physical  model,  the  actual  hardvat'?/ 
Did  anybody  fake  vh&t  they  turned  in? 

Mr.  Evins:  I  do  not  know  whether  anybody  built 
one  ,  I  hope  they  didn't.  We  had  a  slight 
problem  vith  the  threaded  tvo-section  cylinder 
because,  vhen  they  put  the  two  parts  together, 
they  found  they  had  wade  the  two  threads  of 
different  pitches.  We  had  to  make  a  second  one. 

Mr.  Paladino  (Baval  Sea  Systems  Command): 

Several  years  ago  ve  kicked  off  the  "Uncle  Sam" 
project  at  San  Diego.  I  think  vhat  is  missed  by 
the  audience  is,  vhen  the  U.S.  participated,  ve 
selected  the  real  experts.  You  did  not  give  the 
results  of  the  U.S.  program,  but  they  vere 
poort  We  had  one  expert  who  missed  the  first 
fundamental  mode.  Here  ve  are  going  into 
analytics,  and  ve  haven't  solved  the 
measurements  problem.  Hov  can  ve  get  to  the  end 
if  ve  don't  know  hov  to  measure?  Hov  can  you 
analyze  it?  It  is  very  difficult.  You  people 
are  the  experts  of  the  United  Kingdom.  What 
vould  you  do  if  you  turned  the  project  over  to 
senior  engineers  who  are  not  the  experts  you 
are?  How  can  ve  get  there?  We  should  go  back 
to  the  basic  measurement  and  find  out  why  ve 
failed  there  vith  known  structures,  and  then 
proceed  to  the  analytics. 

Mr.  Evins:  I  said  earlier  you  have  to  be 
careful  about  the  conclusions  you  draw;  it  is 
tempting  to  draw  the  conclusion  that  ve  cannot 
collectively  measure  or  analyze.  That  is  not 
vhat  the  results  say.  The  results  say  that  it 
is  possible,  and  a  large  number  of  the 
participants  vere  able  to  make  measurements 
vhich  correlated  well  vith  other  people's 
measurements  and  vith  their  predictions.  What 
you  see  here  is  a  mixture  of  successful  results 
and  unsuccessful  ones.  The  eye  is  drawn  to  the 
scatter  produced  by  the  numbers,  20%,  30%,  or 
50%  of  the  poorer  results.  One  of  the 
conclusions  vhich  is  buried  in  there,  and  is  not 
immediately  obvious,  is,  it  is  possible  if  you 
do  the  right  things.  If  you  use  the  right 
measurement  techniques  you  can  get  consistent 
results,  and  ones  vhich  agree  reasonably  from 
one  lab  to  the  next.  If  you  use  the  appropriate 
analysis  techniques  you  can  get  sensible 
results.  But  vhat  shovs  up  more  dramatically 
is,  if  you  don’t  use  the  right  techniques,  then 
you  can  get  nonsense.  I  do  not  think  it  is  a 
question  of  different  nationalities. 

Mr,  Paladino:  No,  I  Want  to  go  back  to  our 
experiments.  We  told  the  people  where  to  put 
the  force,  where  to  put  their  pick  ups,  and  to 
give  a  dynamic  caliberatlon  of  their  total 
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instrumentation.  These  vere  experts.  These 
vere  mobility  measurement  experts.  They 
failed.  These  people  knew  what  they  were 
doing.  There  is  something  basically  wrong  as  to 
why  we  cannot  make  measurements  and  come  out  to 
what  we  should.  We  heard  a  paper  yesterday, 
where  someone  spent  $30,000  to  analyze  a  single 
four  legged  foundation,  and  could  not  come  up 
with  the  answer. 

Mr.Ewlns :  1  repeat,  the  difficulty  lies  in 

getting  the  right  conclusions  to  this.  I  am 
sure,  on  the  measurement  exercise,  if  you  looked 
at  the  way  the  measurements  were  made,  as  we 
did,  blow  by  blow,  participant  by  participant, 
you  can  identify  some  areas  of  bad  practice. 

You  can  certainly  say  with  hindsight;  "Well  that 
is  the  reason  why  that  particular  result  missed 
the  fundamental,  or  whatever."  I  do  not  think 
it  is  a  situation  that  we  cannot  make  the 
measurements,  it  is  Just  that  we  are  often  not 
careful  enough  in  both  the  measurement  and  the 
analysis  techniques.  If  one  is  careful  enough, 
and  Rich's  last  slide  is  quite  valuable,  because 
I  think  the  secret  to  all  this  is  to  be  very 
skeptical  about  everything  that  one  does  and  all 
results  one  gets.  Question  everything  and  check 
everything.  There  were  obviously  cases  where 
simple  checks  were  not  made.  Results  came  in 
where  the  mass  was  off  by  a  factor  of  10.  When 
you  get  on  the  telephone,  and  you  ask;  "are  you 
sure  you  got  three  kilograms,  everybody  else 
thinks  it  is  30  kilograms."  That  shows  a  lack 
of  checks.  It  is  not  the  fault  of  the  analysis 
procedures,  it  is  the  way  they  are  used.  That 
is  the  difficulty,  we  do  not  always  use  the 
techniques  properly. 

Mr.  Wlndell:  Let  me  I  add  something  from  a 
participant's  eyeview.  Do  not  forget  we  asked 
the  participants  to  bear  their  own  costs,  both 
computing  and  man  power  costs  on  this;  this 
tends  to  get  you  to  rush  things,  and  not  do  the 
checks  properly.  So  in  doing  that,  we  have 
actually  encouraged  the  scatter  that  there 
really  was.  I  think  from  the  participant's 
point  of  view,  it  ought  to  be  said,  it  was  do  it 
in  your  lunch  time  and  that  sort  of  thing.  For 
me  it  was  all  right,  because  we  do  not  have 
explicit  costings  like  that,  so  I  can  lose  it. 
But,  for  a  commercial  organization,  it  might  be 
quite  a  constraint. 

Mr.  Ewlns:  I  should  add  that  the  details  of  the 
structure  are  available  to  anybody  that  is 
interested.  We  have  sent  them  all  over  the 
world.  Unlike  the  measurement  survey,  there  is 
no  overhead  involved.  You  do  not  have  to  ship  a 
structure  around  so  all  you  need  is  a  little 
booklet  with  the  details  in  it.  Our  experience 
with  the  measurement  survey  is,  that  having  seen 
the  results  is  no  help.  So,  if  anybody  is 
interested,  we  can  send  copies  of  the  booklet  to 
anybody  who  wants  them. 

Mr.  Smallwood  (Sandla  National  Laboratories); 

It  seems  to  me  you  are  building  a  case  for  the 
necessity  of  always  doing  experimental, 
analytical,  model  verification.  If  you  have 


both  the  experimental  results  and  the  analytical 
results,  and  they  don’t  compare,  then  obviously 
you  have  to  spend  some  time  trying  to  figure  out 
which  one  is  wrong.  But  if  they  do  compare ,  it 
seems  like  you  vculd  at  least  get  some  kind  of  a 
warm  feeling  that  perhaps  they  are  both  correct. 

Mr.  Evins :  I  guess  we  have  an  ulterior  motive 
which  you  have  put  your  finger  on;  we  believe 
that  a  lot  of  predictions  should  he  hacked  up 
with  tests,  not  necessarily  the  whole  way,  hut 
eonponents  at  various  stages.  Some  of  these 
results  support  the  contention  that  you  can't 
rely  on  predictions.  As  you  said,  if  you  get 
correspondence  between  your  measurements  and 
your  analysis,  and  if  you  feel  comfortable  about 
it,  you  obviously  have  both  sides  almost 
certainly  working  correctly.  However,  behind 
this  is  the  suggestion  that  testing  has  a  major 
role  to  play  in  validating  models  before  they 
are  used  in  the  ultimate  design  process. 
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Table  I  —  Hardware,  joftware  and  model  types  used  in  the  survey 
The  figures  in  brackets  refer  to  the  number  of  participants 


hardw.ara 

Softwa  . 

Modal  tvoa 

IBM 

CS) 

PAFEC 

<3> 

Baam  oils  only  (3) 

OEC 

(3) 

NASTRAN 

(2) 

Shalt  alts  only  (3) 

Prim* 

(2) 

BERDYNE 

(2) 

Baam  &  piata  alts  (1) 

Sparry  Unlvac 

<  1  > 

ass 

<1> 

Baam  A  shall  alts  Cl) 

Amdahl 

(1) 

VOSTAN 

(1) 

COUPLE 

(1) 

Table  2  —  Time  spent  on  analysis 


Participant 


I 


II 


III  IV  V  VI  VII  VIII  IX  X 


XI  XII 


Table  3  —  Inertia  Properties 


Participant 

Mass 

<*«> 

Kua  Mcoant 

(X9M2) 

X<J 

(■) 

*o 

(•) 

X 

31.  S 

2.  a* 

0.494 

-0.103 

XI 

35.9 

2.37 

0.494 

-0.116 

III 

12.2 

2.93 

0.493 

-0.103 

IV 

32.0 

2.94 

0.493 

-0.102 

V 

32.3 

2.9* 

0.493 

-0.102 

VI 

32.2 

2.S* 

0.490 

-0.102 

VII 

32.2 

2.91 

0.493 

-0.103 

VIII 

21.3 

0.20 

0.493 

-0.105 

IX 

33.0 

3.00 

0.450 

-0.090 

X 

31.* 

2.90 

0.493 

-0.097 

XI 

MS 

N8 

KS 

MS 

XII 

34.6 

3.36 

0.493 

-0.100 

Xq  ■  Abscissa  ot  tha  gravity  centra 
Vq  ■  Ordinal*  ol  th#  gravity  centre 


NS  ■  Not  submitted 


T utile  4  —  Mjjor  modes  of  the  i)3  N  AS  Structure 
Nalurul  Irequenues  (Hr* 


Participant 

SI 

S2 

S3 

B1 

B2 

B3 

Cl 

C2 

C  3 

NOM 

I 

54 

74 

- 

503 

1464 

2552 

630 

167  0 

- 

12 

II 

45 

61 

- 

446 

1130 

2110 

518 

1380 

- 

42 

III 

54 

73 

67 

532 

1380 

2385 

561 

1553 

25.03 

12 

IV 

57 

35 

80 

434 

1080 

1645 

544 

1436 

- 

22 

V 

59 

- 

188 

644 

1600 

2313 

566 

1566 

2464 

14 

VI 

54 

74 

04 

440 

1125 

1920 

530 

1355 

2  394 

15 

VII 

54 

73 

- 

370 

900 

1580 

553 

1126 

- 

i  1 

VIII 

55 

75 

570 

1574 

257  3 

617 

1588 

- 

8 

IX 

55 

75 

96 

424 

1052 

1571 

534 

1436 

- 

24 

X 

55 

75 

110 

428 

1048 

1559 

545 

1 47  B 

- 

23 

XI 

55 

75 

123 

445 

1137 

1935 

537 

1365 

2373 

18 

XII 

38 

51 

74 

461 

1140 

1708 

499 

1358 

2383 

27 

Kin 

30 

35 

67 

370 

909 

1571 

499 

1126 

2379 

8 

Max 

59 

75 

188 

644 

1600 

2573 

630 

1670 

2503 

42 

Mean 

54 

66 

103 

47  3 

1220 

1990 

553 

1442 

2420 

19 

Measured 

59 

eo 

lie 

426 

1072 

2C02 

532 

1470 

51  =  Vertical  extension/comprassion  on  U-spnngs  (Y  direction) 

52  -  Horizontal  e«»tension/compression  on  U-spnngs  (X  direction) 

53  =  Rotation  on  U-sprlngs  (0Z  direction) 

B1  =  First  I-Beam  bending 

82  =  Second  I-Beam  bending 
B3  =  Third  I-Beam  bending 
Cl  =  First  Cylinder  bending 
C2  -  Second  Cylinder  bendmg 
C3  =  Third  Cylinder  bendmg 

NOM  =  Number  of  modes  (Including  rigid  body  modes)  predicted 
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(b)  —  ±  15  m/sJ  range 

Fig.  10  (Cont’d)  —  Transient  response  at  point  7  to  hard  impact  (R7F1) 


10 


100 


1000 


(a)  —  [The  vertical  bar  indicates  the  mean  of  the  predicted  values 
(see  Table  3  for  notation) 

Fig.  A1  —  Correlation  between  predicted  and  measured  natural  frequencies 
for  spring,  beam  and  cylinder  modes. 
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THE  DYNAS  SURVEY  -  PART  2l  A  PARTICIPANT’S  VIEW 


R.  W.  Vindell 

Admiralty  Research  Establishment 
Portland,  Dorset,  United  Kingdom. 


Various  possible  Finite  Element  modelling  solutions  for  the  DYNAS 
structure  are  explored.  The  author's  solution  and  modelling  assumptions 
are  presented  and  final  predictions  compared  with  measured  data. 

Good  agreement  is  demonstrated  for  the  "soft"  impact  with  poor 
agreement  for  the  "hard"  Impact  due  to  modelling  llmltatloms. 


INTRODUCTION: 

The  DYNAS  survey  invited  a  number  of 
organisations  to  take  part  in  mathematically 
modelling  a  defined  structure  to  predict  the 
response  to  both  harmonic  and  transient  forcing 
functions  £lj.  The  object  of  the  survey  was  to 
compare  the  results  presented  fcy  each 
participant  to  examine  the  variability  of  the 
modelling  techniques  used  and  thereby  assess 
the  "state-of-the-art"  for  dynamic  modelling. 

The  collation  and  analysis  of  the  data 
submitted  were  carried  out  by  the  Mechanical 
Engineering  Department  of  Imperial  College  of 
Science  and  Technology,  London.  The  general 
findings  of  the  survey  have  been  presented  In 
part  1  by  Professor  D.  J.  Ewins;  this  part 
attempts  to  provide  a  "participant's  view"  of 
the  activity. 

Approaching  twenty  participants  within 
the  U.K.  took  part  in  the  survey  all  with 
different  modelling  experience,  analysis 
methods  and  modelling  philosophies.  Furthermore, 
since  the  costs  of  the  individual  analyses  had 
to  be  borne  by  :he  psrticiuan'.  organisations, 
very  different  amounts  of  time  and  effort  were 
devoted  to  the  problem. 

This  part  of  the  oaper  attempts  to 
explore  the  problems  and  considerations 
involved  in  modelling  the  structure  seen 
through  the  eyes  of  one  participant  -  the 
author.  Although  ar.y  mathematical  or 
computational  technique  could  be  used,  the 
majority  employed  Finite  Element  (F.E.) 
modelling  including  the  author.  Consequently, 
this  paper  restricts  comment  to  F.E.  modelling 
of  the  structure  and  examines  possible 
alternative  strategies.  The  model  developed  by 


the  author  is  presented  with  specific  reference 
to  the  modelling  aseumptlons  used  and  some 
results  from  this  model  are  discussed  and 
compared  with  measured  data. 

It  must  be  stressed  that  the  modelling 
approach  presented  here  is  not  Intended  to  be 
regarded  as  definitive,  but  merely  one  for  the 
purposes  of  discussion. 

TKE  STRUCTURE: 

The  complete  structure  has  been 
described  in  part  1  and  a  sectional  view 
showing  the  most  important  features  is  shown  in 
fig.  1.  A  non-uniform  circular  cylinder  i8 
connected  to  the  flanges  of  a  tapered  I-beam  by 
means  of  four  springs  and  two  thin  straps.  The 
springs  themselves  take  the  form  of  U-straps 
and  various  packing  pieces  and  bolts  are  used  in 
the  complete  assembly.  In  exploring  modelling 
the  structure  as  a  whole,  the  problems 
associated  with  each  component  are  discussed  in 
turn. 

THE  CYLINDER: 

The  cylinder  is  made  in  two  parts  with 
an  off  centre  screw  joint.  The  wall  of  the 
cylinder  is  locally  thickened  at  the  Joint  and 
a  rebate  is  cut  at  the  shoulder  of  the  thread. 

A  sketch  of  the  cylinder  is  presented  in  fig.  2. 
Note  that  all  dimensions  are  expressed  in 
millimetres. 

When  contemplating  the  modelling  of  the 
cylinder,  the  following  points  might  be 
considered : 

Is  tne  .i(.i  b*  joint  significant? 
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Is  the  rebuts  significant? 

Are  circumferential  harmonics 
important? 

The  cylinder  is  not  of  constant 
thickness . 

Is  the  cylinder  "thick"  or  "thin"? 

Modelling  a  screw  joint  using  F.E.  in 
not  simple,  and  in  general,  is  likely  to  be 
unreliable.  If  the  joint  is  loose  fitting  then 
opening  and  closing  Raps  may  he  significant  and 
the  stiffness  of  the  joint  effectively 
undeterminable  without  measurement.  Such  a 
joint  is  also  likely  to  exhibit  non-linear 
behaviour.  In  this  case  the  screw  joint  is 
quite  lone-,  positively  butting  sgninst  the 
shoulder  when  assembled.  It  may  therefore  he 
reasonable  to  assume  that  the  Joint  may  he 
ignored  except  for  the  local  thickeninp,  of  the 
cylinder  wall.  This  is  also  the  most  convenient 
and  inexpensive  approach. 

In  general,  the  nodes  of  such  a 
cylinder  are  combinations  of  beam  bending, 
circumferential  and  torsional  harmonics.  Any 
torsional  behaviour  is  not  required  in  this 
survey  and  the  ordering  of  the  remaining  modes 
depends  on  the  geometry  of  the  cylinder.  Since 
this  cylinder  is  not  especially  loop  nor 
especially  thick  it  is  difficult  to  judge  if 
either  of  the  types  of  modes  may  he  ignored. 
Modelling  the  cylinder  as  a  beam  using  beam 
elements  of  the  appropriate  sectional 
properties  is  easy  and  inexpensive  hut  cannot 
predict  circumferential  harmonics.  To  model  the 
cylinder  fully  is  considerably  more  difficult 
and  expensive,  requiring  either  flat  shell 
elements,  aemi-loof  elements  or  thin  shells  of 
revolution.  Furthermore ,  the  choice  of  element 
will  also  depend  on  whether  the  cylinder  is 
thick  or  thin.  In  this  case  the  average 
thickness  to  diameter  ratio  is  about  0.1  and 
therefore  may  he  considered  as  thin. 
Consequently,  in  this  case,  any  of  the  above 
shell  element^  may  be  used  and  full  modelline 
at  some  stage  seems  advisable. 


THE  SPRINGS: 

The  springs  are  made  in  the  form  of 
deep  U-atrapa  from  sheet  spring  steel  with  two 
holes  in  each  "left"  for  fixings.  A  sketch  of 
the  springs  is  presented  in  fig.1*.  The  spring 
stiffness  in  the  vertical  direction  when 
mounted  within  the  structure  ie  given  by 
implication  from  the  resonant  frequency  given 
in  fig.1*.  However,  there  further  considerations 
for  modelling,  namely: 

khat  are  the  twiating  and  sideways 
stiffneaaes  of  the  springe? 

What  is  the  effective  stiffness  of  the 
bolted  mounting? 

There  are  different  contacts  under 
compression  and  tension. 

IXiring  the  transient  response  do  the 
springs  "bottom"? 

If  the  spring  stiffnesses  in  all 
directions  had  been  given,  then  moaelling  of 
the  springs  would  have  been  trivial  and  could 
be  most  easily  achieved  using  spring  elements. 
However,  in  this  case  some  stiffnesses  are 
unknown  and  can  only  be  obtained  by  modelling. 
The  springs  themselves  are  thin  and  therefore 
may  be  modelled  using  either  flat  plate  or 
aemi-loof  elements.  Furthermore,  each  spring 
haa  four  holes  which  are  likely  to  influence 
the  etiffneoo  and  therefore  should  at  least  be 
considered  in  the  modelling.  Finally,  If  flat 
plate  elements  are  used  around  the  curve  of  the 
springe  then  they  are  likely  to  give  a  slightly 
over-stiff  prediction. 

THE  FIXINGS: 

The  complete  structure  is  assembled 
using  various  fixings  shown  in  fig.l  including: 

Twenty  bolts. 

Two  straps. 

Ten  packing  pieces. 
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THE  I-BEAM: 

A  sketch  the  I-beam  is  presented  in 
fig. 3.  It  is  of  constant  section  for  half  its 
length,  the  remaining  half  having  a  uniform 
straight  taper.  The  top  and  bottom  flanges  are 
wide  in  relation  to  their  thickness,  but  the 
thickness  of  both  flanges  and  web  are  the  same. 

There  are  three  possible  approaches  to 
modelling  the  beam.  Flat  plate  elements  is  the 
most  obvious  hut  beam  elements  might  be 
considered  or  a  comoination  of  both.  To  use 
beam  elements  requires  different  averaged 
properties  per  element  for  the  tapered  portion. 
Furthermore,  beam  elements  cannot  model  the 
behaviour  of  the  flanges,  which  since  they  are 
wide,  may  be  significant.  It  perhaps  would  he 
better  to  model  the  weh  of  the  beem  with  flat 
plates  and  the  flanges  with  beams.  This  would 
overcome  the  problem  of  the  taper  hut  the 
flange  width  problem,  would  remain. 

Consequently,  the  most  satisfactory  approach  1b 
to  use  flat  plate  elements  for  the  entire  beam. 


Such  fixings  are  in  general  difficult  and 
expensive  to  model  and  some  decision  must  ba 
taken  as  to  their  significance. 

The  simplest  approach  is  to  Ignore  any 
effects  except  that  of  their  mas6,  and 
incorporate  this  effect  using  correctly  placed 
mass  elements.  However,  this  is  clearly  not 
actually  correct  failing  specifically  to  model 
the  stiffness  of  the  bolted  Jointe  and  assuming 
"single  point"  contacts.  Alternatively  the 
bolts  could  be  modelled  as  stiff  springs,  but 
their  actual  atiffness  would  depend  on  the 
torque  to  which  they  are  tightened  which  is  not 
defined.  The  packing  pieces  could  be  modelled 
using  3D  brick  elements  and  the  straps  with 
thin  semi-loof  or  shell  elements.  Again  the 
pre-tension  in  the  straps  is  not  defined. 

THE  ASSEMBLY; 

Finally,  In  modelling  the  assembly  the 
following  additional  information  should  be 
considered : 


i 
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[dS  re(l«/s2)/N] 


The  structure  has  a  free-free  support. 
Measured  transient  forcing  functions 
are  given. 

Transient  time-step  defined. 

Damping  value  defined. 

F.R.F.  range  up  to  2500  Hi. 

THE  ATTTHOR'S  MODEL; 

As  has  been  indicated  previously  in 
this  text,  the  model  representation  depends 
almost  entirely  on  the  assumptions  made  by  the 
modeller.  Consequently,  the  author's  main 
assumptions,  on  which  his  model  is  based,  are 
as  follows: 

1.  The  cylinder  may  be  modelled  as  a 
beam. 

2.  The  bending  stiffness  of  the 
cylinder  is  not  affected  by  the 
screw  joint. 

3.  The  straps  do  not  affect  the 
stiffness  of  the  cylinder. 

4.  The  springs  are  linear  in  all  three 
direc cions  with  identical  stiffness 
in  tension  and  compression. 

5.  The  four  springs  may  be  repreaentod 
by  two  spring  elements  between  the 
beam  web  and  cylinder. 

6.  The  fixings  only  contribute  to  the 


local  mass  and  therefore  may  be 
repreaanted  by  local  maas  elements. 

?.  The  system  is  linear. 

A  diagram  of  the  author's  model  la 
presented  in  fig. 5.  The  cylinder  is  represented 
by  eleven  straight  uniform  beam  elements  type 
}4100  [23  with  two  of  the  eleven  representing 
the  thloker  portion  around  the  joint.  The 
neutral  axes  of  the  beam  elements  are  aet 
along  the  central  axis  of  the  cylinder  and  a 
material  module  written  to  exactly  model  the 
material  properties  defined.  The  decision  to 
model  the  cylinder  simply  as  a  beam  was  checked 
first  by  modelling  the  cylinder  alone  to  prove 
that  circumferential  harmonioa  were  not 
significant  up  to  2500  Hi.  This  was  done  using 
thin  sheila  of  revolution  which  are  efficient, 
accurate  and  Inexpensive  and  which  can  be  used 
quickly.  An  alternative  approach  could  be  to 
estimate  these  harmonics  using  empirical  design 
codas  or  data  sheets. 

The  I-beam  is  represented  by  120  eight 
noded  thin  quadrilateral  flat  shell  elements  of 
type  44210  [23.  Both  the  web  and  flanges  are 
divided  into  two  along  their  centre-lines  to 
preserve  good  proportions  for  the  element 
geometries.  Another  material  module  wae  defined 
and  the  density  was  faotored  to  allow  for 
overlapping  material  at  the  joints  between  the 
web  and  the  flanges.  This  overlapping  cooes 
about  because  the  beam  geometry  is  defined 
along  the  mid-thickness  lines  with  elements  of 
the  appropriate  thickness.  Consequently,  some 
of  the  intersecting  voluma  is  used  twice  in  the 
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mass  estimate.  The  element  mesh  is  so  arranged 
that  there  are  nodes  in  the  oorreot  position  to 
Join  to  the  spring  elements. 

lhs  four  springs  are  represented  by  two 
spring  elements  type  J0100  C2']  which  have  three 
translational  and  three  rotational  stiffnesses. 
The  appropriate  values  for  these  stiffnesses 
were  calculated  by  again  modelling  a  spring 
alone,  including  fixing  holes,  as  shown  in 
fig. 6.  The  spring  model  uses  1 2k  thin  flat 
plate  elements  again  with  an  appropriate 
material  module.  The  accuracy  of  this  model  was 
verified  by  modelling  the  situation  depicted  in 
the  inset  of  fig.k  and  the  frequency  of  the 
vertioal  mode  checked  to  be  Jl.fi  He.  With  this 
confidence  in  the  model,  static  analyses  were 
performed  to  give  the  required  stiffnesses. 

Finally,  the  mass  of  the  bolts,  fixings 
and  packing  pieces  are  added  to  the  model  by 
introducing  four  mass  elements  type  30200  C2T. 
Two  mass  elements  are  positioned  on  the  axis  of 
the  cylinder  each  representing  the  upper  and 
lower  blocks,  upper  and  lower  packing  pieces, 
six  bolts  and  the  strap.  Another  two  masses  are 
positioned  on  the  top  flange  of  the  I-beam  each 
representing  the  support  and  four  bolts. 

Hie  resulting  complete  model  comprises 
the  following: 

k25  nodes. 

1J?  elements. 

222  i  D.C.F. 

The  model  was  run  on  a  DEC  VAX  11/780  computer 


k  megabytes  of  core  and  used  a  total  of  1.8  CTO 
hours  for  all  analyses  and  check  runs.  The 
modelling  activity  required  a  total  of  J00 
hours  man-time,  but  this  includes  the  use  of 
the  activity  as  a  training  exercise  for  two 
students. 

RESULTS: 

The  predicted  mass  properties  for  the 
structure  are  as  follows: 

I.  Total  mass  -  J2.0  kg  predicted. 

V?.0  kg  measured. 

?.  C.G.  position  -  (O.fiOJm,  -0.102m). 

Measured  values  not  available. 

J.  Mass  moment  of  inertia  -  2.9k  kgm‘  . 

Measured  value  not  available. 

These  results  display  a  noteworthy  point. 
Although  it  is  easy  to  weigh  such  a  structure, 
the  physical  measurement  of  C.G.  position  and 
inertia  are  difficult.  This  illustrates  an 
immediate  advantage  of  an  F.E.  model  providing 
it  i 8  accurate. 

The  next  results  to  be  obtained  in  the 
usual  senuenc#  of  analysis  are  the  modes  and 
frequencies  from  an  eigensolution.  These  are 
not  presented  here  but  the  reader  in  referred 
to  part  1  hy  Professor  Ewins.  It  should  be 
noted  that  strictly,  pictorial  comparison  of 
mode  shape  is  insufficient.  The  values  of  the 


FIG. 6.  DETAILED  SPRING  MODEL  USED  TO  DETERMINE  THE  ST I FIN  ESS 


eigenvector  for  the  particular  mode  should  be 
correlated  with  the  equivalent  measured  data 
where  available. 

An  indication  of  the  accuracy  of  the 
prediction  of  a  Frequency  Response  Function  - 
F.R.F.  is  presented  in  figs.  7,  8  and  9-  'This 
represents  a  point  prediction  and  is  one  of 


four  that  were  requested. 

Consider  fig. 7.  Generally  very  good 
agreement  is  demonstrated  between  the  predicted 
and  measured  results  C33  with,  perhaps,  the 
exception  of  the  damping.  However,  the  damping 
was  defined  prior  to  measurement  for  use  by  all 
participants,  This  illustrates  the  real  problem 
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FlG.q.  COMPARISON  BETWEEN  MEASURED  AND  PREDICTED  RECEPTANCS  BETWEEN  1 500  AND  2500Hr 


of  estimating  damping  in  any  structure  which 
muat  ba  put  into  any  F.E.  modal  an  data.  At 
very  low  fraquanclea  (5He)  thare  appaarn  to  ba 
<n  anomaly  In  tha  measured  data;  thin  is 
possibly  a  suspension  resonance.  Furthermore, 
there  ie  a  falsa  prediction  at  about  35Hl. 

Fig. 8  shown  the  same  function  but  this 
time  between  tha  frequencies  500  anJ  1500Hc. 
Although  the  general  level  of  the  prediction 
agrees  with  the  measurement,  the  comparison  is 
worss  than  ir.  fig. 7.  Fig. 9  Bhows  the  data 
between  1500  and  2500Kx,  Again  the  general 
level  la  fair  but  the  agreement  is  poor. 

The  above  observations  clearly 
reinforce  the  well  known  fact  that  the  accuracy 
of  any  dynamic  F.E,  model  decreases  with 
frequency  or  mode  numher.  Only  the  lowest  third 
to  half  of  the  moden  can  be  expeoted  to  bo 
acceptably  accurate. 

Fig. 10  presents  one  of  eight  transient 
response  comparisons  for  the  "soft"  hammer 
Impact.  Excellent  agreement  has  been  achieved 
here,  the  major  discrepancy  being  a  slight 
mismatch  in  freouenclea  leading  to  an 
apparently  poor  agreement  above  2Snnec.  The 
response  is  dominated  by  two  modes,  a  spring 
"bounce"  mode  at  57He  and  the  first  bending 
mode  of  the  I-beam  at  A55Hi.  It  should  be  noted 
that  the  presented  dsta  is  acceleration  and 
therefore  represents  an  effective  post¬ 
processing  of  the  F.E.  data  since  the  problem 
la  actually  solved  in  terms  of  displacement. 
This  point  again  Illustrates  an  intereating 
comparison  between  modelling  and  experimental 
techniquea.  The  survey  required  that  transient 
accelerations  and  displacements  be  produced. 
However,  the  measurements  only  yielded 
acceleration  since  the  accuracy  of  results 


obtained  by  double  integration  of  accelerometer 
signals  are  believed  to  be  unreliable.  Yet  the 
predictions  are  effectively  diferertiated  to 
give  acceleration  and  still  give  acceptable 
results.  Furthermore,  close  examination  of 
fig. 10  reveals  that  the  measured  dots  is 
"trended"  towards  the  negative  direction.  Thin 
is  possibly  due  to  the  1 >w  frequency  suspension 
resonance  since  the  true  free-free  condition  is 
of  course  impossible  to  meet  experimentally. 

It  would  be  wrong  to  suggest  that  all 
the  transient  prediction);  are  aa  good  as  fig. 10. 
Results  for  the  "hard"  hammer  impact  are  poor 
by  comparison  and  examination  of  the  frequency 
bandwidth  of  the  model  nay  reveal  why.  Fig. 11 
and  12  presents  the  spectral  moduli  of  the 
input  forcing  functions  for  the  "soft"  and 
"hard"  impacts  respectively.  The  author's  model 
was  developed  to  predict  behaviour  up  to  2500H* 
an  prescribed  by  the  requirements  of  the 
harmonic  analysis,  and  the  frequency  content  of 
the  transient  forcing  functions  were 
unfortunately  overlooked.  The  coaoquenee  is  that 
although  the  model  bandwidth  satisfactorily 
encompasses  the  "soft"  case,  lx  Is  clearly 
inadequate  for  the  "hnrd"  impact.  However,  an 
attempt  to  widen  the  bandwidth  of  the  model 
might  itself  pro/e  difficult.  From  fig. 12  it 
may  be  seen  that  such  s  widening  should  extend 
the  upper  frequency  limit  up  to  about  ICkHt.  In 
doing  thin  an  alarming  number  of  new  modes  are 
likely  to  become  significant  and  since  two  or 
three  times  this  number  will  be  needed  for  the 
required  sccuracy  an  F.E.  solution  seems 
unlikely. 
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FIO.11.  SPECTRUM  OF  THE  SOFT  IMPACT 
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FIG. 12.  SPECTRUM  OF  THE  HARD  IMPACT 


CHECK INQ  OF  PREDICTIONS: 

In  thin  paper  the  predictions  ef  cne 
specific  model  are  presented  for  comptriaon 
with  measured  results.  It  must  be  stressed 
however  that  this  was  not  the  prime  interest  of 
the  survey  nor  the  way  in  which  the  author's 
model  was  developed.  All  truly  predictive 
analyses,  especially  for  complicated  structures, 
need  independent  cheeks  to  indicate  the 
accuracy  of  the  results.  These  may  be  simple 
"hand  calculations"  or  involve  more 
nophisticated  techniques,  ihe  chock6  carried  out 
by  the  author  in  this  csss  nre  presented  below. 
The  list  is  by  no  means  exhaustive. 

1.  Calculate  mass  and  C.G.  position  ov 
hand  , 

2.  Check  the  beam  assumption  for  the 
cylinder  with  a  shell  analysis  ol 
the  cylinder  alone. 

?.  Calculation  of  additional  spring 
stiffnesses  required  by  modelling 
the  spring  alone.  Verification  of 
thir  model  by  reference  to  the 
single  given  value. 

4.  Examination  of  the  mode  she. pen  for 
"oddi ties". 

5.  Examination  of  the  F.R.F.a  for 
"oddities". 

6.  Checking  of  "rigid  body" 
displacements  by  rigid  body 
mechanic  s . 


7.  Examination  of  the  transient 
responnen  for  "oddities", 

CONCLUSION i 

Che  most  useful  conclusion  in  that  an 
F.E.  model  can  be  constructed  for  auch  a 
problem  and  can  give  valuahle  results  but  great 
care  in  needed  in  its  preparation.  Consequently 
the  F.E.  modelling  technique  for  structural 
dynamic  problems  is  not  one  which  can 
necessarily  be  carried  out  by  the  inexperienced 
or  novice  modeller.  Reware  all  models  give  some 
renul ts . 
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INTRODUCTION 


Modern  computed  based  techniques  enable 
designers  to  predict  the  dynamic  response  of 
structures  to  anticipated  loading  conditions. 
Reliable  models  may  be  developed  using  finite 
element  techniques  or  experimental  methods. 
Provided  that  the  excitation  forces  are  known, 
accurate  responses  may  be  calculated  using 
either  a  time  domain  approach  (auch  as  Newmark's 
Ql]  finite  difference  equations)  or  a  frequency 
domain  approach  baaed  upon  frequency  response 
functions. 

In  m«ny  instances  such  as  explosive  load¬ 
ing  or  loading  within  a  hostile  environment  it 
is  not  possible  to  obtain  accurate  information 
about  excitation  forces.  Ir.  these  cases 
excitations  can  be  approximated  using  empirical 
relationships  or  extrapolated  using  functions 
developed  from  experimental  trials.  However, 
these  functions  often  represent  gross  simplifi¬ 
cations  of  the  real  loading  conditions  and  are 
usually  restricted  to  low  frequency  information. 

A  number  of  attempts  has  been  made  j  ,  ’.3] 
to  invert  the  response  from  excitation. 

Frequency  domain  models  have  been  applied  in 
order  to  calculate  the  excitation  lorces  from 
measured  response  data.  However,  it  has  been 
shown  that  this  approach  is  highly  sensitive 

to  errors  in  the  frequency  resnonse  function  and 
the  Fourier  transforms  necessary  to  perform  the 
analysis. 

The  aim  of  this  paper  is  to  describe  a  time 
domain  technique  based  upon  finite  difference 
equations  and  a  model  based  upon  experimental 
modal  analysis. 


Development  of  Model 

Using  experimental  modal  analysis,  it  is 
possible  to  extract  the  natural  frequencies, 
damping  and  mass  normalised  mode  shapes  of  a 
structure.  Provided  the  number  of  measurement 
locations  is  equal  to  the  number  of  resonances 
considered,  assuming  "light"  and  proportional 
damping,  the  equivalent  mass,  damping  and 
stiffness  matrices  may  be  computed  as! 


M 

- 

l*t]~  1  ivr 

(1) 

M 

m 

i>rT|3  v  j  ivr 

(2) 

rCj 

m 

■jTj ~ 1  i"c^j  r/j  ~ 1 

(3) 

where 

fCrl 

m 

|  "'2<;rwr 

[*f 

m 

mass  normalized  mode 

shapes : 

ImI 

m 

mass  matrix 

[K! 

stiffness  matrix 

:.c'i 

* 

damping  matrix 

2 

r 

|  "  diagonal  matrix 

of  eigenvalues 

E  *  nodal  damping  coefficient 
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Calculation  of  Responses  from  Known 
Excitations 


functions  at  times  (n+l)h,  nh  and 
(n-l)h. 


The  equations  of  motion  for  a  linear 
system  may  be  represented  by  the  matrix 
equation 

(m]{x}  +  [c]{x}  +  [K]{x)  -  (f }  (4) 

Where  Q{j ,  (c]  and  Qc]  are  N*N  mass, 
damping  and  stiffness  matrices  respectively 
(N  is  the  number  of  degrees  of  freedom  in  the 
model)  and  { f }  is  the  vector  of  applied  forces. 

Using  the  finite  difference  equation  0] 

«>.  *  $K  *  <5) 


Calculation  of  Excitation  Forces  from 
known  Responses 


It  has  been  shown  that  equations  (7),  (8) 
and  (9)  cannot  be  re-arranged  to  yield  the 
excitations  forces  from  measured  responses  L5J  . 
Thus  an  alternative  formulation  is  necessary 
to  obtain  the  forces.  Using  the  central 
difference  equations: 


{x> 


n 


1  I 


00) 


{x)n+1  -  2{x>n  +  {x}n_, 


{x) 


n+1 


{x)  +  h(x)  + 

n  n 


and  substituting  these  into  equation  (1) 
yields: 


♦  8h2{x}n+!  <6)  ■  h2{f)n  -  ([M]  +  (h/2)[cj){x}n+, 


it  can  be  shown  that  the  displacement,  velocity 
and  acceleration  responses  are  defined  by:  QQ 
and  [6]  . 

&]<*)„+ 1  *  “  EM*>n.i  +  eh2 

«>..!  ^  [t-  2)tE,n  *  ‘“n-.l  <7> 

. 

®{i}n+l  ’  0]{i}n.|  ~  W{i}n-1  +I 


+  (h2[K]  -  2[M)){x}n 

+  (Dm]  -  (h/2)[c]){x)n-|  (12) 

Equations  (7),  (8),  (9)  and  (12)  may 
be  partitioned  to  permit  the  solution  of  mixed 
boundary  value  problems  in  which  forces  and 
responses  are  known  at  specific  (but  different) 
locations.  To  this  end,  "Selector"  matrices 
[E]  and  (h]  are  introduced  0]  defined  as 
follows: 


{£}n+l  -  {£}n-.J  <*> 

M{x}n+1  “  ®{x}n-l  “  + 

t£}n+.  -  2{£}n  +  {£}nJ  <9> 

where 

03  ■  M  *  |  0  *  «h2-  OQ 

[B]  -  2[M]  -  (1-28)  h2  [k] 

M  -  C«1  -  I  0  *  SI>! 

and 

h  =  time  step  size 

6  =  parameter  defining  the  "form"  of  the 
acceleration  during  the  time  step  0] 

n+1,  n,  n-1  -  subscripts  denoting  force 
and  response  at  times  (n+l)h,  nh  and  (n-l)h. 

These  are  "three -point"  finite  difference 
ejuations  that  permit  calculation  of  the 
responses  at  time  (n+l)h  from  a  knowledge  of  the 
responses  at  times  nh  and  (n-l)h  and  the  forcing 


QQ  diagonal  elements  of  1  for  known 
forces  and  0  for  known  responses. 

[H]  diagonal  elements  of  1  for  known 
responses  and  0  for  known  forces. 

(NOTE:  [e]  +  [h]  *  Identity  Matrix). 

To  facilitate  computation,  equations  (7) 
and  (12)  may  be  re-written  in  the  forms  ie 

( (Xj  [j>]  +  (h2/4)[H'J){x)n+1  -  0f|{*}n 

+  (h2/4){0}n+J  (13) 

h2(f}  -  [¥00}  +  h2[E]{fi} 

n  J  n+1  u  J  n 

+  [H](h2|K]  -  2(m]  )(x)n  04) 

where 

{«>  ■  1~B]  (x)  -  [j]  (x)  .  +  (h2/4)  ( 2 { f } 

n  n  n—  i  n 

+  <fln-l> 

{e>n+I  -  ([m]  +  (h/2)[c]){x)n+! 

+  ([M]  -  (h/2)[c])Cx}n_] 
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and  {£1}  ,  «  N  X  I  vector  of  input  data  at 

n+ 1 

time  (n*l)h  that  represents  the  known  excita¬ 
tions  and  displacements. 


A 

V, 

V, 

V, 

*> 


i 
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These  equations  differ  from  the  backward 
difference  equations  quoted  in  reference  \J5 j  . 

The  solution  of  the  equations  may  be 
achieved  directly  for  a  quiescent  structure 
without  the  need  for  sepaiole  two-point  _ 
formulations  at  the  initial  time  step  |_6j . 

EXPERIMENTAL  STUDY 

A  double  cantilever  structure,  figure  1, 
fixed  at  the  centre,  was  used  as  the  test 
structure.  Ten  measurement  locations  were 
selected  as  shown,  although  only  one  arm  of 
the  model  was  investigated  in  detail.  An 
experimental  modal  analysis  was  performed  over 
a  frequency  band  encompassing  the  first  six 
natural  frequencies  of  the  structure  (160  Hz 
to  1600  Hi).  Using  the  results  obtained  from 
locations  1  to  6,  equivalent  mass,  damping  and 
stiffness  matrices  were  formed  using  equations 
(I).  (2)  and  (3). 


Figure  1  The  Test  Structure 

In  order  to  test  the  validity  of  the  model, 
the  structure  was  excited  with  a  measured 
impact  load  at  location  1  and  responses  were 
computed  at  locations  I  to  6  using  equacion  (9), 
The  computed  results  were  compared  with  those 
measured  using  accelerometers  mounted  ac  the 
six  locations  on  the  structure  Figure  2  shows 
a  typical  comparison  between  measured  and  pre¬ 
dicted  acceleration  responses  resulting  from  a 
versed-sine  type  of  force  input. 


Figure  2  Comparison  of  Predicted  and  Measured 
Acceleration  Response  at  Location  2  for  versed 
sine  Impact  at  Location  I. 


Different  time  step  sires  were  employed  in 
these  studies  and  it  was  concludsd  that  a  step 
size  of  20  us  (ie  approximately  30  points  Sr. 
the  highest  mode)  yielded  very  good  agreement 
between  the  predicted  and  actual  acceleration 
response.  In  all  of  these  trials  s  value  cf 
0.2S  was  assumed  for  the  2  paraneter  (ie 
constant  acceleration  during  each  time  step). 

Additionally,  responses  at  different 
locations  were  computed  using  the  measured 
response  at  the  point  of  impact  as  the 
excitation  in  equation  (13).  A  typical  result 
is  shown  in  Figure  3. 


Figure  3  Comparison  of  Predicted  and  Measured 
Acceleration  Response  at  Location.  5  using 
Measured  Response  at  Impact  Site  I . 


The  agreement  achieved  in  these  experi¬ 
ments  indicated  that  the  spatial  mooel  derived 
from  the  modal  analysis  war  ar.  accurate 
representation  of  the  structure  under  study. 
Further,  the  finite  difference  equations  were 
shown  to  be  stable  and  to  produce  minimal 
frequency  and  amplitude  distortion. 

In  order  to  investigate  the  prediction  of 
applied  force,  the  structure  was  impacted  at 
site  I  and  the  force  and  response  monitored  at 
this  point.  Using  equations  (13)  and  (14)  the 
force  was  predicted  from  the  treasured  response 
and  compared  with  the  measured  history  as  shown 
in  figure  4.  This  involved  a  numerical  inte¬ 
gration  routine  to  convert  the  accelerometer 
data  into  displacement  data  for  substitution  in 
equation  (13).  It  was  noted  that  the  analysis 
was  capable  of  predicting  the  force  history 
during  the  impact  to  within  52  tut  that  in  the 
post-shock  period  the  predicted  force  continued 
to  oscillate  and  showed  divergence  as  shown  in 
figure  5.  A  similar  behaviour  has  also  been 
reported  in  reference  2  in  which  the  analysis 
was  based  upon  a  frequency  domain  approach. 
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Figure  4  Comparison  of  Measured  and  Predicted 
Force  at  Site  I  using  Response  Measured  at 
Site  I. 
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Figure  b  Post-Impact  Ripple  and  Divergence 

The  case  of  multiple  impact  was  also 
investigated  in  which  two  forces  were  applied 
and  the  responses  measured  at  the  two  impact 
locations.  Figure  6  shows  a  comparison 
between  the  measured  and  predicted  forces. 
Again  it  was  shown  that  the  analysis  was 
capable  of  accurate  results  during  impact  but 
that  the  solution  became  unreliable  in  the 
post-impact  phase. 


Figure  6  Comparison  of  Measured  and  Predicted 
Forces  for  Multiple  Impact. 

DISCUSSION 

The  results  of  this  study  have  shown  that 
experimental  modal  analysis  and  time  domain 
finite  difference  techniques  can  be  used  ->itii 
considerable  confidence  to  predict  the 
behaviour  of  a  structure  to  a  prescribed 
impact  load.  With  a  suitable  choice  of  time 
step  it  was  possible  to  obtain  results  that 
predicted  the  acceleration  response  of  the 
structure  to  better  than  5Z. 

The  prediction  of  excitation  forces  from 
measured  response  was  encouraging  for  the 
duration  of  the  impact  with  errors  again  in  the 
region  of  5Z  for  both  single  and  multi-force 
excitations.  However,  a  number  of  problems 
remain  and  are  currently  under  investigation. 
The  post-impact  behaviour  appears  to1 contain 
two  phenomena;  a  residual  "ripple"  and  possible 
instability.  The  ripple  has  been  attributed  to 
the  behaviour  of  the  accelerometers  [3]  in 
which  residual  "ringing"  in  the  transducers  may 
appear  as  a  "phantom"  structural  response.  The 
divergent  behaviour  is  probably  associated  with 
the  finite  difference  algorithms.  In  parti¬ 
cular  it  was  shown  that  the  form  of  che  post¬ 
impact  results  could  be  alcered  by  using 
different  numerical  integration  routines  to 
convert  the  measured  accelerations  into  dis¬ 
placement  data.  It  was  noted  during  multi¬ 
impact  tests  that  the  two  predicted  forces 
tended  to  diverge  in  opposite  senses  such  that 
the  additive  effects  cancelled. 

Despite  these  problems  it  appears  that  the 
time  domain  approach  yields  acceptable  pre¬ 
dictions  of  the  excitation  forces  during  impact 
and  that  it  is  immediately  apparent  when  these 
predictions  become  unreliable.  At  present  the 
study  has  been  restricted  to  the  case  where  it 
is  possiultr  Lu  lucaic  Udt.bcucers  to  measure 
the  response  at  the  point  of  impact.  Whilst 
this  may  be  possible  in  sene  situations,  such 
as  around  a  hull  subjected  to  shock  loading,  it 
is  somewhat  restrictive. 
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Further  research  it  being  conducted  to  permit 
remote  monitoring  of  retponeei  from  vhich  the 
locetion  end  megnitude  of  the  excitation 
force!  may  oe  computed. 
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UNDERWATER  SHOCK  TRIALS  ON  A  PLAIN.  UNREINFORCED  CYLINDER 


Lt-R  J  RANDALL,,  RN 
Admiralty  Research  Establishment 
Portland  Dorset 


Strain  was  recorded  at  14  locations  on  a  submerged  plain  unreinforced 
cylinder  when  subjected  to  the  blast  from  a  small  explosive  charge. 

This  work  was  carried  out  as  part  of  a  larger  study  into  the  topic  of 
fluid-structure  intersection.  The  cylinder  was  selected  as  a  simple 
geometric  shape  which  could  be  analysed  theoretically  so  that  the 
experimental  results  could  validate  the  applicability  of  approximations 
in  current  use.  Only  the  preliminary  findings  together  with  details 
of  the  testing  environment  and  procedure  are  presented  in  this 
report.  The  results  show  how  the  hoop  and  meridonal  strain  levels 
vary  with  the  angle  of  the  incident  shock  wave,  and  how  the  shock  is 
transferred  from  the  fluid  through  the  structure.  Changes  in  the 
frequency  response  spectrum  are  also  presented  for  the  envelopment 
and  post  envelopment  periods. 


INTRODUCTION 

In  the  latest  reviews  [l-4]assess- 
ing  the  developments  in  analytical 
techniques  for  dealing  with  the  fluid- 
structure  interaction  problem,  little 
or  no  evidence  is  given  of  experimental 
data  than  can  be  used  to  evaluate  the 
analytical  predictions,.  The  reason 
for  this,  is  probably  that  a  good 
general  formal  method  for  dealing  with 
the  transient  response  of  complex 
structures  has  not  yet  appeared.  The 
most  widely  used  approach  is  to  adopt 
a  decoupling  scheme  such  as  the  'doubly 
asymptotic  approximation'  [5],  This 
and  later  more  refined  schemes  have 
been  evaluated  against  the  response  of 
idealised  structures  for  which  an  exact 
solution  can  be  obtained.  However  all 
these  schemes  stem  from  an  approxi¬ 
mation  which  its  author  notes  [(5]  is 
not  satisfactory  for  situations  invol¬ 
ving  prominent  intermediate  frequency 
components  as  it  overestimates  the 
radiation  damping,  and  although  they  may 
prove  adequate  in  certain  circumstances 
they  must  be  used  with  caution.  Never¬ 
theless  computer  codes  are  now  being 
used  and  developed  [7]  which  embody 
these  approximations  and  therefore  a 
more  thorough  validation  should  be 
performed. 


As  instrumentation  and  other  practical 
considerations  will  introduce  additional 
uncertainties  into  the  problem  it  will 
assist  the  interpretation  of  results  if 
the  test  structure  retains  a  simplistic 
shape.  There  follows  detailed  inform¬ 
ation  about  a  series  of  shock  tests 
carried  out  on  a  simple  test  structure 
in  collaboration  with  the  staff  of  the 
Admiralty  Research  Establishment  (ARE) 
Dunfermline  in  HM  Naval  Base,  Rosyth. 

The  test  structure  was  a  plain 
unreinforced  mild  steel  cylinder,  whose 
geometry  and  dynamic  characteristics 
were  known  from  previous  tests  [ 8  ] .  The 
cylinder  was  held  in  position  under¬ 
water  and  subjected  to  a  spherical  shock 
wave  caused  by  firing  small  explosive 
charges  at  a  pre-determined  stand-off. 
The  only  limitations  on  the  size  of  the 
charge  and  the  distance  of  the  stand-off 
were  that  no  permanent  structure  damage 
was  to  occur. 

The  charge  size  and  stand-off  were 
determined  first  and  then  remained  un¬ 
altered  for  the  remainder  of  the  trial. 
The  angle  of  incidence  of  the  shock  wave 
was  varied,  though,  to  investigate  what 
effect  this  had  on  the  maximum  levels  of 
stress  recorded.  The  cylinder  was  main¬ 
tained  in  position  and  for  successive 
shots  the  location  of  the  charge  was 
altered  in  the  same  horizontal  plane. 
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TESTING  ENVIRONMENT 

It  is  inevitable  that  there  will 
be  a  compromise  between  the  idealised 
system  that  is  conceived  for  the  sake’ 
of  theoretical  analysis  and  what  can  be 
physically  set  up  to  represent  that 
system.  The  requirements,  in  this 
instance,  are  for  a  prescribed  pressure 
to  apply  a  force  to  a  simple  structure 
in  a  fluid  environment. 

The  practical  problems  of  repre¬ 
senting  this  in  the  laboratory  are 
evident  from  the  photograph  (Fig  1)  of 
the  structure  suspended  above  the  tank 
before  testing. 


Fig  1  -  General  Arrangement 

This  arrangement  is  obviously 
divorced  from  the  original  concept  of 
an  idealised  system.  Hard  reflective 
tank  walls  are  clearly  in  close  proxi¬ 
mity  to  the  structure.  The  cylinder 
itself  is  thin  walled  (3mm  MS  tube) 
with  an  aspect  ratio  of  120:1,  but  it 
is  only  1.284m  long  and  has  flat  ends. 
In  addition  ballast 'weights  are  needed 
to  maintain  the  structure  at  the 
required  depth  (300mm  below  the  free 
surface)  and  support  arms  have  been 


welded  to  the  ends  to  hold  the  explo¬ 
sive  charge  and  pressure  transducers. 

The  charges  used  in  this  trial 
■were  electric  detonators,  type  N79 , 
each  containing  1  gm  of;  plastic  explo¬ 
sive.  This  small  charge  fixed 
relatively  near  to  the  structure  pro¬ 
duced  a  spherical  shock:  wave  but 
satisfied  the  requirements  of  the 
enclosed  testing  area  and  the  limita¬ 
tion  that  no  permanent  damage  was  to  be 
sustained  by  the  structure.  Each 
pressure  time  history  has  a  u'  ique 
signature  but  are  characterised  by  a 
very  brief  duration. 

A  typical  pressure,  time  history 
is  shown  in  Fig  2;  the.  duration  of 
the  pulse  is  about'  50  and  the  rise 
and  decay  of  pressure  is  very  rapid. 
Subsequently  the  pressure  returns  to 
zero. 


A  consequence  of  this  character¬ 
istic  pressure  signature  is  that  a 
very  rapid  sampling  rate  (1  x  10s  sps) 
h'as  to  be  employed  on  the  ADC  to 
prevent  maxima  being  .clipped .  With 
this  high  sampling  rate  and  the  limita¬ 
tions  of  32K  of  computer  memory  only 
the  immediate  response  of  the  structure 
could  be  studied  closely. 

However  five  separate  shocks  and 
responses  were  measured  and  analysed. 
Fig  3  indicates  the  position  of  the 
charge  relative  to  the  structure  for 
each  individual  firing  (Shots  1  and  2 
were  calibration  shots  and  are  not 
included ) . 

INSTRUMENTATION 

Pressure  Transducers’ 

Two  types  of  tourmaline  underwater 
blast  pressure  transducer  were  used  to 
record  the  pressure  time  history,  one 
was  manufactured  by  PCB  Piezotronics 
Inc  and  the  other  was  an  ARE  design. 
Both  types  have  a  volumetric  sensitive 
tourmaline  crystal  element  suspended 
in  insulating  oil  and  contain  a  built- 
in  micro-electronic  line  driver  ampli¬ 
fier  which  outputs  a  high  voltage  low 
impedance  signal. 
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Shot  4  5hot  3 


Firing  Sequence 


Tourmaline  gauges  are  not  gener¬ 
ally  consistent  or  reliable  and  for 
this  reason  it  would  have  been  desir¬ 
able  to  have  a  large  number  of  trans¬ 
ducers  to  measure  the  combined 
pressure  field  consisting  of  incident, 
reflected  and  radiated  components. 
However,  the  presence  of  any  pressure 
gauge  and  its  associated  cabling  must 
Interfere  with  the  pressure  field 
through  shadowing  and  diffraction 
effects,  therefore  only  2  gauges  were 
used  to  monitor  'free'  field  and  'near' 
field  pressures. 

The  mounting  arrangement  for  the 
'free'  field  pressure  sensor  (Gauge 
No  6)  is  as  shown  (Fig  4).  The  'near' 
field  pressure  sensor  (Gauge  No  6)  was 
taped  to  the  cylinder. 
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Strain  Gauges 

The  structural  response  was 
measured  at  17  locations  to  obtain 
axial  and  circumferential  (hoop) 
deformations  (Fig  5).  It  was  decided 
in  this  instance  to  use  strain  gauges 
rather  than  accelerometers.  Each  site 
was  equipped  with  a  right-angled  pair 
of  gauges  set  up  to  measure  hoop  and 
axial  strain. 

The  advantages  of  obtaining  strain 
as  a  structural  response  rather  than 
accelerations  were  that: 

(1)  Strain  is  a  direct  measure 
of  structural  damage  which  is  of 
prime  importance. 

(2)  Less  processing  of  data  will 
be  required  as  rigid  body  motions 
will  not  be  recorded  and  zero 
shift,  base  strain  and  cross  axis 
sensitivity  problems  encountered 
with  accelerometers  are  largely 
done  away  wltli. 


R  N  EC.  MANAOON  S/M  MODEL 


DEC  1994 


RESULTS  AND  ANALYSIS 


A  representative  selection  of 
the  results  Is  included  to  demonstrate 
the  major  conclusions. 

Shot  3  Channel  4C  Time  0-8,191  ms 

Fig  6  shows  a  typical  pattern 
for  the  response  at  the  centre  of  the 
Structure  subjected  to  a  broadside 
shock  wave.  The  peak  response 
corresponds  to  the  cccurrance  of  the 
peak  pressure  and  is  followed  by  rapid, 
lightly  damped,  oscillations. 


Each  record  was  examined  to  assess 
the  relationship  between  the  onset  of 
movement  (as  recorded  by  strain)  and 
the  arrival  times  of  the  pressure  pulse 
The  shock  wave  can  arrive  at  a  point  on 
the  structure  via  two  routes. 

(1)  directly  through  the  field. 

(2)  by  the  most  direct  route 
between  the  charge  and  the 
structure  and  then  through  the 
structure  to  the  point  in  question 
as  a  compression  wave. 


Fig  6  -  Hoop 
( Shot 

Ail  recorded  channels  were 
measured  simultaneously  and  then 
synchronised  to  a  single  event, 
namely  the  peak  of  the  near  field 
pressure  pulse. 

As  stated  previously  the  length 
of  the  signal  was  curtailed  by  the  size 
of  the  processing  unit  but  within  this 
time  window  the  maximum  strain  always 
occurs  soon  after  the  pressure  pulse. 
Effects  due  to  reflections  and  bubble 
collapse  happen  comparatively  much 
later  (circa  28  ms),  therefore  the 
period  0-1  millisecond  is  studied  in 
greater  detai 1  . 


Strain  Time  History 
3  Channel  4) 

The  second  route  is  longer  but  as 
the  speed  of  sound  is  3^  times  faster 
in  steel  than  it  is  in  water  this  is 
more  often  the  quicker  route. 
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Micro*»rcnn 


Shot  7  Channel  1C  Time  0-1  ms  (Fig  7) 


The  two  vertical  lines 
signify  the  first  arrival 
times  of  the  shock  wave 
travelling  through  the 
structure  (shown  dashed) 
and,  secondly,  directly 
through  the  water  (shown 
chain-dotted).  In  this 
instance  where  variations 
in  hoop  strain  are  shown 
for  the  location  nearest 
the  charge  causing  an  end- 
on  attack,  there  is  no 
correlation  between  these 
event  times  and  the  onset 
of  otrain. 


Fig  7  -  Hoop  Strain  Time  History 
( Shot  7  Channe 1  1 ) 


n  —  1ms  (Fig  9) 


Shot  7  Channel  1! 


However  Fig  8  shows  the 
variation  of  axial  strain 
at  the  same  location  and 
it  can  be  seen  that  the 
onset  of  axiai  strain 
coincides  very  closely  with 
the  arrival  of  the  shock 
wave  which  travels  through 
the  structure. 


Fig  8  -  Axial  Strain  Time  History 
(  7  Phnrv'.(‘i  1  ) 
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Shot  7  Channel  17L  Time  0-lms  (Fig  9) 


Fig  9  shows  the  axial 
response  at  another 
point  to  the  same  shock. 
Location  17  is  further 
away  from  the  source  and 
by  the  time  the  shock 
wave  has  travelled  to 
the  opposite  end  of  the 
structure  the  gap  between 
the  two  arrival  times  as 
shown  by  the  vertical 
lines  has  widened  due  to 
the  3!$  times  difference 
in  their  rates.  The 
intensity  of  the  res¬ 
ponse  has  decreased  as 
shown  by  the  signal  to 
noise  ratio  but  the  on¬ 
set  of  axial  strain 
clearly  coincides  with 
the  shock  wave  travel¬ 
ling  in  steel . 


0*  06  0*  '0 
Tim#  (millisecond*) 

Fig  9  -  Axial  Strain  Time  History 
(Shot  7  Channel  17) 


tot  4  Channel  12C  Time  0-lms _ (FiglO) 


The  variations  in  axial 
strain  that  were 
observed  when  the  cylin¬ 
der  was  acted  upon  by  an 
end-on  incident  wave 
were  also  observed  for 
hoop  strain  at  locations 
under  side-on  attack. 

Fig  10  shows  the  res¬ 
ponse  of  a  point  on  the 
opposite  side  of  the 
structure  from  the  source 
of  a  side-on  attack. 


04  06 

Tlm#(milll*#condt) 


Fig  10  -  Hocp  Strain  Time  History 
(Shot  4  Channel  12) 


Shot  4  Channel  6C  Time  O-lms  (Fig  11) 


Fig  11  -  Hoop  Strain  Time  History 
(Shot  4  Channel  6) 


The  response  to  Shot  4  at  a  different 
site  on  the  same  side  of  the  cylinder 
as  the  source  (directly  opposite 
Channel  12),  does  not  show  what  triggers 
movement;  both  arrival  times  are 
within  30  ps  of  each  other.  It  does 
show  however  that  the  maximum  strain 
recorded  at  two  sites  180°  apart  varies 
by  less  than  10%. 

None  of  the  results  of  these  trials 
support  the  view  that  the  zone  'behind' 
the  structure  is  sheltered  from  the 
shock  wave.  However  having  demon¬ 
strated  that  the  compression  wave  that 
travels  through  the  structure  is  an 
important  event  as  far  as  the  initi¬ 
ation  of  strain  is  concerned  then  it  is 
not  surprising  that  there  is  no  shel¬ 
tering  as  the  forcing  function  is 
carried  through  the  steel  and  all 
points  on  the  structure  are  visible  to 
the  shock. 

Further  examination  of  Figs  10  and  11 
does  offer  a  possible  explanation ,  as 
some  of  the  evidence  in  supponj  of  a 
shadow  zone  is  from  large  scale  ce3ts 
involving  velocity  meters  and  the  rate 
of  change  of  strain  is  always  less  for 
those  points  in  the  lee  of  the  shock. 


The  importance  of  the  shock  wave 
travelling  through  the  structure  may 
also  explain  why  the  angle  of  incidence 
was  not  critical.  ,  The  maximum  response 
was  always  either  nearest  to  the  source 
of  the  shock  or  at  the  midpoint  of  the 
cylinder  where  the  structure  is  most 
flexible.  In  retrospect  it  was  not  easy 
to  determine  what  the  effective  angle  of 
incidence  was,  as  for  many  locations 
of  the  charge  the  extreme  end  of  the 
structure  will  be  disturbed  first  and 
initiate  a  shock  wave  which  always 
travels  to  internal  points  by  the  same 
(most  direct)  route. 
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Microttrain 


Shot  5  Channel  1C  Time  O-lms  (Fig  12) 
Shot  5  Channel  17C  Time  O-lms  (Fig  13) 


Figs  12  and  13  show 
hoop  strain  response  at 
two  points  to  a  shot 
fired  opposite  the  end 
of  the  cylinder.  Fig 
12  shows  the  response 
near  the  shock  source 
where  there  are  rapid 
oscillations  in  the 
level  of  strain  and  a 
high  rate  of  change  of 
strain.  .Whereas  Fig  13 
shows  the  time  history 
at  the  other  end  of 
the  structure  and  has 
less  frequent  oscil¬ 
lations  and  a  lower 
rate  of  change  of 
strain.  The  most 
significant  difference 
however  between  the  two 
locations  is  that  there 
is  considerable  move¬ 
ment  and  the  maximum 
strain  level  is  achieved 
at  the  one  site  before 
the  other  side  records 
anything. 

Therefore  one  is  lead  to 
the  conclusion  that  for 
a  flexible  structure 
such  as  this,  initial 
movement  is  not  in 
recognised  modes  but 
rather  as  local  defor¬ 
mations/ 


Fig  13  -  Hoop  Strain  Time  History 
(Shot  5  Channel  17) 
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SUMMARY 

Although  these  are  only  prelimi¬ 
nary  findings  and  the  results  have  yet 
to  be  compared  with  calculated  values 
of  strain  several  interesting  points 
have  been  discovered  or  reaffirmed. 

a.  Strain  gauges  can  be  used 
to  monitor  the  behaviour  of  a 
structure  in  the  shock  environ¬ 
ment.  Whether  to  assess  damage, 
or  to  record  deformations  and 
stresses  within  the  structure; 
strain  is  a  good  parameter  to 
measure.  However,  most  theo¬ 
retical  analyses  are  formulated 
in  terms  of  displacements  and 
although  it  is  possible  to 
establish  strain  from  displacement 
there  is  no  easy  way  of  working 
back  again. 

b.  The  initial  deformation  of 
the  cylinder  when  acted  upon  by 
the  shock  wave  started  a  membrane 
or  stretching  wave  which  travelled 
through  the  structure  at  the  speed 
of  sound  in  steel.  This  is  3% 
times  faster  than  the  speed  of 
sound  in  water.  Therefore  the 
membrane  or  stretching  wave 
arrives  at  points  that  are  further 
away  from  the  source  of  the  explo¬ 
sion  before  the  acoustic  pulse. 

In  these  tests  some  strain  gauges 
achieved  their  maximum  values 
before  the  pressure  pulse  arrived. 
So  although  some  points  may  be 
sheltered  as  far  as  the  pressure 
pulse  is  concerned  this  is  un¬ 
important  if  the  stress  wave  is 
causing  maximum  strain  (or  dis¬ 
placement)  as  all  points  of  the 
structure  will  be  visible  to  the 
stress  wave. 


e.  From  the  tests  as  performed 
there  was  no  evidence  to  support 
the  view  [9]  that  broadside  load¬ 
ing  is  not  the  most  severe  con¬ 
dition  for  this  type  of  structure. 

f.  Deformations  of  sections  of 
the  cylinder  occurred  at  appreci¬ 
able,  sometimes  maximum  levels 
whilst  other  sections  were  un¬ 
deformed.  A  structure  that  is 
undergoing  local  deformation  is 
not  particularly  suited  to  modal 
analysis  in  the  normal  sense. 

g.  Modes  corresponding  to 
frequencies  measured  by  steady- 
state  testing  [8]  were  readily 
identified  from  the  shock  data. 

h.  The  structure  is  very 
lightly  damped  with  very  few 
dominant  frequencies  which 
persist  for  longer  than  1  second 
after  the  shock  event.  As  the 
structure  rings  down  after  «11 
external  loading  has  ceased,  some 
modes  were  observed  to  increase 
in  magnitude  before  subsiding 
again. 


c.  On  the  other  hand  those 
locations  on  the  opposite  side  of 
the  structure  from  the  source  of 
the  explosion  were  sheltered  as 
far  as  the  rate  of  change  of 
strain  was  concerned. 

d.  It  is  unlikely  that  a  theo¬ 
retical  analysis  can  produce 
accurate  answers  unless  the 
effect  of  membrane  forces  is  con¬ 
sidered  in  derivations  of  the 
equations  of  motion. 
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Discussion 


Voice:  If  you  are  orlanted  this  way,  and  the 
charge  la  over  hara,  then  the  atreaa  or  atraln 
should  ba  lower  on  the  top  than  It  would  be  on 
either  the  front  or  the  beck. 

Mr.  Randall;  1  didn't  notice  that.  It  seems 
the  levels  of  stress  cr  atraln  were  constant 
around  the  circumference. 

Voice:  Did  you  have  gages  around  the 
circumference  of  the  cylinder? 

Mr,  Randall:  Yea.  There  were  ten  locations 
around  the  circumference. 

Voice:  Do  you  have  any  plans  to  add  some  ring 
stiffeners? 


& 


Mr,  Randall:  I  don't  have  any  plans  to  add  ring 
stiffeners.  We  are  trying  to  understand  what  Is 
happening  to  a  simple  structure.  The  idea  Is  to 
be  able  to  predict  the  response  of  the  simple 
structure  before  ue  make  the  structure  more 
compllcsted. 


INVESTIGATION  INTO  THE  EFFECTS  OF  USING  DETONATING  CORD 
TO  REMOVE  A  CONVENTIONAL  PROPELLER  FROM  A  WATER  BORNE  SURFACE  SHIP 


by 

J.  H.  Strandquist  III,  LCDR,  USN*  and  Y.  S.  Shin** 

Department  of  Mechanical  Engineering 
Naval  Postgraduate  School 
Monterey,  California  93943 

The  relation  between  the  shock  wave  pressure  on  the  propeller  hub 
and  the  size  of  the  detcord  charge  was  determined  experimentally  by  a 
series  of  shots  conducted  on  a  full-scale  test  platform.  The 
shock-induced  response  of  the  shaft  was  measured  directly  with  strain 
gages  and  accelerometers.  Additionally,  the  experimental  shock  wave 
pressure  date  provided  the  basis  for  numerical  prediction  of  the 
response  profile  of  the  shaft. 


INTRODUCTION 

The  use  of  detonating  cord  (detcord)  in 
waterborne  propeller  maintenance  has  been 
practiced  for  many  years  by  U.S.  Navy  diving 
and  repair  activities,  with  little  knowledge 
of  the  potential  effects  on  the  shaft  and 
related  ship  components.  In  order  to 
quantify  both  the  displacement  and 
acceleration  of  the  shaft  caused  by  a 
detcord  detonation  on  the  propeller,  a 
decommissioned  Cost  Guard  cutter,  ex-USCGC 
CAMPBELL  (WHEC-32) ,  was  identified  and 
chosen  as  a  platform  for  the  conduct  of  a 
series  of  test  shots.  The  response  of  the 
shaft  to  these  tests  was  measured,  and  the 
results  are  presented  herein. 

As  provided  for  in  the  Naval  Ships 
Technical  Manual  [Ref.  1],  detonating  cord 
may  be  used  to  remove  a  damaged  conventional 
propeller  from  a  waterborne  surface  ship 
where  drydocking  or  the  use  of  alternative 
waterborne  methods  have  been  ruled  out  due 
to  constraints  in  time,  logistics,  funding, 
or  the  tactical  situation.  The  procedure  is 
described  in  detail  In  [Ref.  2].  After 
clearing  all  interference  (rope  guard, 
fairwaters,  and  dunce  cap  removed:  gland 

retaining  ring  moved  forward  as  far  as 
possible),  the  propeller  hub  boss  nut  is 
backed  off  several  turns,  as  shown  in 
Figure  1.  Detcord  is  wound  around  the  shaft 
against  the  forward  face  of  the  propeller 
hub  a  predetermined  number  of  turns,  or 
wraps.  To  predict  the  shaft  sleeve,  the 
detcord  is  placed  on  top  of  an  underlying 
layer  of  manlla  line.  Several  turns  of  line 
are  also  wound  around  the  shaft  between  the 
propeller  hub  and  the  boss  nut  to  cushion 
the  Impact  there.  When  the  charge  is 
detonated,  the  Impulse  created  by  the 
Former  graduate  student 
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pressure  wave  in  the  water  overcomes  the 
tremendous  static  friction  between  the 
propeller  hub  and  the  shaft  taper,  and  the 
propeller  is  pushed  back  along  the  shaft 
toward  the  boss  nut.  At  this  point  the 
propeller  replacement  operation  proceeds 
independent  of  the  method  used  to  loosen  the 
damaged  propeller.  Details  can  be  found  in 
[Ref.  2). 

The  following  is  quoted  from  [Ref.  3): 

Detonating  cord  is  round  flexible  cord 
containing  a  center  cord  of  high 
explosive.  The  explosive  cord,  usually 
pentaerythritol  tetranitrate  (PENTN), 
is  covered  with  various  combinations  of 
materials  — these  Include  textiles, 
waterproofing  materials,  and  plastics 
which  protect  it  from  damage  caused  by 
physical  abuses  or  exposure  to  extreme 
temperatures,  water,  oil,  or  other 
elements,  and  provide  such  essential 
features  as  tensile  strength, 
flexibility,  and  other  desirable 
handling  characteristics...  Detonating 
cord  Is  relatively  insensitive  and 
requires  a  proper  detonator ...  for 
initiation...  As  such,  detonating 
cords  are  safe  and  reliable  nonelectric 
detonating  devices. 

The  detcord  used  in  this  investigation 
conforms  with  Military  Specification 
MI1-C-17124C  (Type  I,  Class  e)  [Ref.  4], 
This  reinforced  detcord  has  a  nominal 
explosive  weight  of  50  grains-per-foot ,  or 
seven  pounds  of  explosive  core  per  1000  feet 
of  detcord.  According  to  several 
references,  including  [Ref.  3],  the 
detonation  velocity  of  50  grain-per-foot 
detcord  Is  on  the  order  of  22,000  feet  per 
second  . 
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the  present  case  it  appears  to  ha/e  been  a 
very  good  one. 


Figure  1  Underwater  Propeller  Removal  Using 
Detcord 


The  retarded  time  Tr  In  equation  (1)  la 
defined  by  the  charge  geometry  for  the  teat 
platform  Illustrated  In  Figure  2,  and  oust 
account  for  a  finite  detonation  velocity. 
For  example,  If  the  detonation  process 
commences  at  6  ■  0  ,  It  will  take 
approximately  0.13  milliseconds  to  complete 
the  process  at  8  *  360°.  Thus, 


jRj  Rod 

C  Dy 


(2) 


where 

t  -  real  time  from  ltltlal  detonation 
(msec) 


THEORETICAL  PREDICTIONS 

A.  SHOCK  WAVE  FROM  AN  UNDERWATER  EXPLOSION 

The  nature  of  the  shock  wave  near  the 
surface  of  an  explosive  charge  detonated 
underwater  Is  not  well  understood,  owing  to 
the  uncertainties  In  the  equations  of  state 
In  this  region.  It  becomes  very  difficult, 
therefore,  to  predict  the  response  of  sn 
assumed  rigid  body.  In  this  case  the 
propeller,  from  a  contact  or  near  contact 
nderwater  explosion.  Empirical  formulae 
for  the  shock  wave  pressure  profile  which 
have  been  derived  to  date  are  based 
primarily  on  tests  conducted  wlch  sperlcal 
charges  where  the  minimum  target  standoff 
distance  was  approximately  five  charge  radii 
(Ref.  5]. 

An  approximation  of  the  pressure 
profile,  p(t)  from  an  underwater  explosion 
as  a  function  of  time  after  detonation  Is, 


p(t) 


pm  exp(- 


(1) 


where  Pm  Is  the  initial  peak  pressure,  and  A 
Is  the  time  constant  defined  a9  the  time  In 
milliseconds  required  for  the  shock  to  decay 
to  Psj/e,  or  about  one-third  of  Its  maximum 
value.  Both  P^,  and  A  are  functions  of 
standoff  distance.  It  was  discovered  during 
the  testing  that  for  short  distance  (l.e., 
Inches),  A  Is  relatively  Insensitive  to 
variations  In  standoff  distance,  and  an 
average  value  of  time  conatant  (A)  was  used. 
Equation  (1)  Is  generally  considered  to  be  a 
close  approximation  of  the  actual  shock 
profile  for  about  one  time  constant:  beyond 
this  point,  it  usually  can  be  relied  upon  to 
provide  only  a  rough  estimate,  although  In 


R  •  radial  standoff  distance  between 
detecord  and  point  of  interest 

c  ■  speed  of  sound  In  water  (nominally 
five  feet  per  msec) 

Ro  -  radius  of  detcord  charge 

8  »  angular  distance  from  the  point  of 

Initial  detonation  to  point  of 
Interest 

Dv  -  detonation  velocity  of  50  graln- 
per-foot  detonating  cord 

Note  that  If  Tr  <  0,  physical  reasoning 
tells  us  that  the  pressure  at  such  times  Is 
equal  to  zero  (or  more  precisely, 
hydrostatic  pressure,  although  this  Is 
negligible  at  propeller  depth). 

When  the  shock  wave  from  an  underwater 
explosion  contacts  a  rigid  structure,  the 
pressure  at  the  surface  Is  primarily  the  sum 
of  the  incident  free-fleld  pressure  wave  and 
the  reflected  pressure  wave  caused  by 
Interaction  of  the  Incident  wave  with  the 
rigid  structure.  Although  the  relative 
magnitude  of  the  reflected  pressure  can  vary 
slightly  depending  on  the  magnitude  and 
angle  of  Incidence  of  the  free-fleld  wave, 
the  total  pressure  on  the  incident  surface 
Is  generally  ahcut  twice  the  free-fleld 
value.  Thus,  the  final  expression  for  the 
axial  force  on  the  propeller  as  a  function 
of  time  is: 


,3,2n  Tr 

F(t )  -  2  ;  J  Pm  exp( - —)  R  d  B  dR  (3) 
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Figure  2  Propeller  Hub  Geometry  (USCCC 
CAMPBELL) 

Numerical  Integration  of  equation  (3)  can  be 
readily  acompllshed  once  a  relatlonehlp 
between  peak  pressure  and  standoff  distance 
Is  established  to  provide  values  of  Pa. 


GEAR 


Figure  3  Propulsion  Shaft  Model  (USCCC 
CAMPBELL) 

where  u(x,t)  is  shaft  particle  displacement, 
and  Is  a  function  of  both  time  and  position 
along  the  shaft.  The  wave  propagation 
velocity  (a)  In  the  steel  Is  about  200  inch 
per  msec.  The  general  solution  to  equation 
(4)  is: 


u(x,t)  •  f(x-at)  ♦  g(x+at)  (5) 


B.  RESPONSE  OF  THE  SHAFT 


Aa  shown  in  Figure  3,  the  shaft  Is  to 
be  modeled  as  a  fixed-free  bar,  with  motion 
restricted  to  one  dimension.  The  connection 
between  the  shaft  and  the  main  engine  is 
considered  rigid  In  the  horizontal 
direction,  where  the  shaft  collar  has  been 
Jacked  back  against  the  aft  thrust  bearing 
shoes  In  accordance  with  |Ref.  2).  The 
effects  of  system  damping  are  negligible 
with  shock  loading:  hence,  these  are  not 
considered.  The  shaft  Is  assumed  to  be 
continuous  of  a  constant  crosa-sectlon, 
although  a  alight  approximation  is  made  here 
In  the  case  of  CAMPBELL. 


For  the  case  of  a  wave  traveling  In  the  -x 
direction  In  Figure  3,  this  reduces  to, 

u(x,t)  *  g(x+at)  (6) 

The  longitudinal  strain  (  e)  In  the 
shaft  can  be  defined  aa, 

t(x,t)  -  g’ (x+at  )  (7) 

where  (')  is  the  derivative  with  respect  to 

x . 
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The  equation  of  motion  for  axial 
vibration  of  a  bar  with  constant  cross 
section  is: 


The  shaft  particle  velocity,  v(x,t)  Is 
similarly  defined  as, 


__  y  d 

8t2  *  dx2 


(4) 


v(x,t)  ■  u  ■  g(x+at) 


(8) 


where  (.)  Is  the  derivative  with  respect  to 
time.  Using  equations  (6)  through  (R),  the 
shaft  particle  velocity  can  be  expressed 
a  s  , 
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v(x,t)  ■  a  g'(x+at)  -  a  e(x,t)  (9) 

Integrating  both  sides  of  equation  (9)  with 
respect  to  time  provides  a  relationship 
between  shaft  displacement  and  longitudinal 

strain; 


u(x,t)  -  a/fc  e(x,t)  dt  (10) 

o 


This  relation  Is  valid  at  any  point  along 
the  shaft  except  very  close  to  the  fixed 
end,  where  the  displacement  Is  always 
theoretically  zero. 

The  strain  e(x,t)  is  a  relatively 
simple  quantity  to  measure  experimentally. 
Alternatively,  however,  it  can  be  evaluated 
by  observing  the  following  from  static 
analysis: 


emax  "  D  Fmax/(EAI  (H) 


where  Fmax  is  the  maximum  value  of  the  axial 
force  expressed  by  equation  (3).  The  (D)  is 
a  dynamic  magnification  factor  to  be 
determined  from  the  response  spectrum  for 
the  particular  impulse  type  experienced 
[Ref.  6].  (E)  is  modulus  of  elasticity  and 
(A)  is  sectional  area  of  shaft. 


Thus,  an  approximation  for  the  maximum 
shaft  displacement  can  be  arrived  at  in  two 
ways.  The  strain  wave  can  be  measured 
directly,  or  the  forcing  function  defined  by 
equation  (3)  based  on  experimental  shock 
wave  pressure  data,  can  be  used  to  solve 
equation  (11).  Both  should  give  similar 
results,  which  can  then  be  used  to  solve 
equtlon  (10)  for  the  displacement  of  the 
shaft. 


FIELD  EXPERIMENT 


A.  TEST  PLATFORM 

The  test  platform,  ex-USCCC  CAMPBELL 
(WHEC-32),  was  Inspected  both  underwater  and 
within  at  its  berth  at  Naval  Station,  San 
Diego,  California,  and  was  found  to 
represent  an  excellent  model  for  the  planned 
experiment.  Original  ship  drawings  were 
obtained  to  determine  ns  precisely  an 
possible  such  parameters  as  shaft  length, 
propeller  weight,  etc. 


The  CAMPBELL-c lass  high  endurance 
cutters  are  equipped  with  two  shafts  of 
about  103  feet  in  length.  The  ship's 
dimensions  are  327  feet  LOA,  mean  draft  of 
15  feet,  and  a  standard  displacement  in 
excess  of  2200  tons.  CAMPBELL  was  chosen  as 
a  test  platform  because  its  dimensions  and 
layout  are  roughly  proportional  to  a  small 
combatant *8. 

B.  OBJECTIVES  OF  THE  EXPERIMENT 

The  objectives  of  the  experiment  were 
to  obtain  the  following  information: 

(1)  Free-field  pressure  measurements 
for  50  grain-per-f oot  detonating 
cord  to  be  used  in  later 
numerical  modeling. 

(2)  Strain  wave  data  for  two  points 
on  the  shaft.  These  are  labeled 
Stations  I  and  II  in  Figure  3, 
and  correspond  to  the  locations 
of  the  reduction  gears  and  stern 
tube  seal. 

(3)  Shaft  acceleration  data  near  gear 
box. 

The  free-field  pressure  data  would 
provide  values  of  Pra  in  equation  (3)  to  be 
used  as  input  for  numerical  modeling.  The 
strain  gages  would  provide  direct 
measurement  of  the  strain  wave  as  defined  by 
equation  (7).  Finally,  the  accelerometers 
would  provide  a  direct  measurement  of  the 
maximum  acceleration  of  the  shaft  near  the 
main  engine. 

C.  EXPERIMENTAL  APPARATUS 

All  data  was  captured  with  a  Honeywell 
M101  Wideband  II  (direct  record)  tape 
recorder  using  a  recording  speed  of  120 
inches-per-second ,  providing  a  frequency 
band-width  capability  of  500  kHz. 
Additionally,  onsite  verification  of  test 
results  was  provided  by  a  Honeywell  1508B 
Visicorder.  Two  types  of  piezoelectric 
pressure  transducers  were  utilized  for  this 
experiment.  Both  transducer  types  feature  a 
volumetric-sensitive  tourmaline  crystal 
element  suspended  in  an  insulating  oil.  As 
discussed  in  [Ref.  5],  tourmaline  crystals 
are  ideally  suited  for  underwater  explosion 
pressure  measurements.  The  strain  gages 
used  at  Stations  I  and  II  were  350  ohm, 
constantan  foil  strain  gages.  Finally,  two 
accelerometers,  including  one  with  a  500g 
range,  were  positioned  at  Station  I  near  the 
gear  box.  The  accelerometers  were  glued  to 
the  shaft  with  Devcon  Plastic  Steel,  No. 
10240 . 
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D 


.  EXPERIMENTAL  PROCEDURE 

A  total  of  ’.4  shots  were  conducted 
during  the  five  day  period  of  the 
experiment:  they  will  be  referred  to  by  the 
order  In  which  they  were  performed.  Eight 
of  these  were  so-called  free-fleld  pressure 
shots  In  which  the  propeller  and  shaft  were 
not  subjected  to  a  shock  loading.  The 
remaining  six  shots  comprised  the  actual 
shock  tests. 

(a)  Preliminary  Testing  (Shots  1-4) 

The  first  four  shots  were  free-fleld 
tests  conducted  for  the  purpose  of  checking 
out  the  eleccronlcs  and  for  determining  a 
proper  standoff  for  the  pressure 
transducers.  Three  wraps,  or  turns  of 
detcord  were  placed  spirally  directly  on  the 
shaft  at  a  location  remote  from  the 
propeller  and  bearings.  The  pressure 
transducers  were  placed  In  the  free  field, 
at  the  same  depth  as  an  outboard  of  the 
shaft.  The  first  shot  at  nine  feet 
registered  no  pressure  rise  on  any  of  the 
transducers.  The  second  shots  at  two  feet 
registered  a  peak  value  of  approximately 
2,000  psl .  The  third  and  fourth  shots 
brought  the  range  to  wlthfn  Inches, 
registering  peak  pressures  on  the  order  of 
20,000  and  40,000  psl,  respectively. 

These  first  four  shots  demonstrated 
several  Important  facts.  First,  the 
transducers  would  have  to  be  very  close  to 
the  charge  to  record  any  significant 
pressures.  Second,  there  was  excellent 
correlation  between  both  types  of  pressure 
transducers.  Finally,  these  first  four 
shots  demonstrated  excellent  performance 
from  the  Honeywell  M101  tape  recorder, 
verified  In  the  field  with  a  strip  chart 
recorder . 

( b )  Shock  Testing  (Shots  5—10) 

Upon  completion  of  the  four  preliminary 
free-fleld  shots,  enough  Information  had 
been  obtained  to  commence  the  actual  shock 
testing.  The  shaft  was  carefully  Inspected 
both  underwater  and  Inside  the  ship  to 
ensure  that  It  was,  In  fact.  In  a  fixed-free 
condition  as  shown  In  Figure  3.  Weld 
restraints  Installed  to  prevent  the 
propeller  from  wlndmllllng  during  towing 
were  removed,  so  that  the  only  fixed  point 
In  the  one-dlmens tonal  removed,  so  that  the 
only  fixed  point  In  the  one-dlmenslonal 
analysis  undertaken  was  the  gear  box  end  of 
the  shaft.  The  propeller  dunce  cap  and  rope 
guards  hsH  hepn  removed  previously.  All 
sensors  were  placed  In  position.  In  all 
respects,  the  port  propeller  was  ready  for 
removal  using  the  detcord  method  discussed 
In  [Ref.  2],  with  one  exception:  the 


prepeller  hub  boss  nut  was  not  backed  off  at 
all.  The  reason  for  this  was  two-fold. 
First,  once  the  propeller  had  broken  free  of 
the  static  friction  generated  by  Its 
original  Installation  around  the  shaft,  this 
Initial  condition  would  have  been  lost  for 
subsequent  shots.  Second,  by  restraining 
the  propeller  on  the  shaft  and  thus  making 
them  integral  unit,  none  of  the  energy  from 
the  detcord  detonation  imparted  to  the 
propeller  hub  would  be  lost  either  through 
heat  generated  by  dynamic  friction  between 
hub  and  shaft,  or  thorugh  momentum  transfer 
between  the  propeller  blades  and  the  water. 
Thua,  a  worst-case  situation  with  respect  to 
the  total  Impulse  Imparted  to  the  shaft  made 
available  for  each  shock  test. 

According  to  [Ref.  2),  the  size  of  the 
detcord  charge  In  actual  practice  Is  to  be 
limited  to  four  wraps.  This  rule  of  thumb 
Is  true  regardless  of  the  shaft  diameters. 
It  was  decided,  therefore,  to  subject 
CAMPBELL'S  shaft  to  shock  loading  from  one, 
three  and  five-wrap  charges. 

The  first  two  shock  tests,  shots  5  and 
6,  were  essentially  the  same  test  conducted 
twice.  One  wrap  of  detonating  cord  waa  used 
for  each  of  these  two  shots.  As  In  all  the 
shock  teats,  the  detcord  was  wound  on  top  of 
a  one  inch  layer  of  manlla  line,  thus 
separating  it  from  direct  contact  with  the 
shaft  sleeve. 

Three  wraps  of  detcord  were  used  for 
shots  7  and  8.  For  shot  7,  the  detcord  was 
wrapped  spirally,  as  la  probably  done  In 
practice  In  moat  cases.  For  shot  8, 
however.  It  was  wrapped  concentrically 
against  the  propeller  hub  In  accordance  with 
[Ref.  2],  and  held  in  place  with  underwater 
epoxy. 

Shots  9  and  10  were  similar  to  the 
previous  two.  This  time  five  wraps  of 
detcord  were  used.  For  shot  ?,  the  detcord 
was  wrapped  spirally:  for  shot  10, 
concentrically  against  the  hub. 

(c )  Free-Fleld  Testing  (Shots  11-14) 

When  the  first  set  of  free  field  shots 
described  above  were  conducted,  there  waa  no 
data  or  experience  base  available  to  assist 
In  determining  an  appropriate  transducer 
standoff  distance.  After  ten  shots  had  been 
completed,  this  was  no  longer  a  problem,  and 
a  more  precise  method  was  devised  for 
obtaining  pressure-time  histories  within  the 
range  of  Interest  for  the  last  series  of 
free-fleld  tests.  Three  pressure 
transducers  were  arranged  so  that  th> 
standoff  from  the  detcord  was  sequentially 
one,  two,  and  three  Inches,  respectively. 
The  detcord  was  wrapped  around  the  shaft  at 
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a  location  where  the  *  ship’s  hull  or 
appendages  would  not  affect  the  early  time 
pressure  readings.  This  time,  however,  the 
detcord  was  wound  on  top  of  a  layer  of 
manila  line  to  more  accurately  simulate 
conditions  near  the  propeller  hub.  Shots  11 
and  1  were  with  one  wrap  of  detcord,  shot 
13  was  with  three  wraps,  and  shot  14  was 
with  five  wraps.  The  last  series  of 
free-field  pressure  measurements  completed 
the  experimental  testing. 


EXPERIMENTAL  RESULTS 

From  the  standpoint  of  quality  data 
collection  in  the  field,  the  experiment  was 
considered  a  success.  These  tests  were 
performed  shortly  after  the  first  two  in  a 
series  of  experiments  being  conducted  at 
Naval  Postgraduate  School  under  the 
sponsorship  by  the  Defense  Nuclear  Agency  to 
investigate  the  response  of  stiffened  flat 
plates  to  underwater  explosions  of  much 
greater  magnitude.  The  hard  lessons  learned 
during  these  earlier  experiments  were  quite 
valuable  to  the  present  investigation 
[Ref.  7]. 


Figure  4  illustrates  the  data 
acquistion  and  reduction  scheme  used  in  the 
experiment.  All  data  was  reviewed  on-site 
using  the  Honeywell  1508B  Visicorder.  These 
records,  such  as  the  one  shown  in  Figure  5 
provided  a  means  of  partially  verifying  the 
results  in  the  field.  Note  that  the 
relative  distance  between  each  pressure 
transducer  can  be  determined  by  comparing 
the  real  time  delay  between  pulses  to  the 
theoretical  values  of  approximatley 
16.7  nsec .  The  measured  shock  pressure 
profiles  for  shots  2,  12  through  14  are 
shown  in  Figures  6  through  9.  The 
pressure-time  histories  showed  a 
near-constant  rise  time  of  about  four  usee, 
which  is  approximatley  the  limit  of  the 
instrumentation.  The  measured  strain  time 
histories  for  shots  6,  7,  9  and  10  are  shown 
in  Figures  10  through  13.  The  measured 
strain  data  shows  that  the  strains  at  both 
Stations  I  and  II  are  close  to  each  other. 


HONEYWELL  M-101 
TAPE  RECORDER 


Figure  4  Data  Acquisitloin  and  Reduction 
Scheme 
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Figure  5  Pressure  Profiles  for  a  5-Wrap 
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Figure  13  Me/isurcd  Strain  Data  for  Shot  10 

Figure  14  Illustrates  the  relationship 
between  peak  pressure  and  standoff  distance 
for  a  given  charge  size.  The  recorded 
pressure  were  adjusted  slightly  to  account 
for  the  gage  response  of  the  transducers 
|Ref.  8].  This  data  would  provide  the  basis 
for  later  numerical  prediction  discussed 
later.  The  maximum  strain  for  each  shot  is 
plotted  as  a  function  of  charge  size  In 
Figure  15.  Finally,  peak  accelerations  at 
Station  I  Increased  linearly  with  charge 
size  within  the  range  of  the  experiment,  as 
shown  In  Figure  lh. 


Peak  Pressure  vs-  ot.ar.doff 
hist  n  ice 


Figure  15  Maximum  Strain  vs.  Charge  Size 


Charge  Size  (#  of  Wraps) 


Figure  16  Maximum  Acceleration  vs.  Charge 
S  i  ze 


A.  DF.VELOPMF.NT  OF  A  NUMERICAL  MODEL 

The  experimental  pressure  data 
collected  on  the  CAMPBELL  tests  was  to  be 
used  as  the  basis  for  the  Impulsive  loading 
Input  to  a  numerical  scheme  for  predicting 
shaft  response  from  an  underwater  detcord 
blast.  A  snapshot  of  this  loading  as  a 
function  of  both  time  and  standoff  Is 
illustrated  in  Figure  17  for  a  3-wrap 
charge . 

The  axial  shaft  force  was  calculated 
using  equation  (3).  Values  for  Pn  were 
obtained  f nun  the  relationship  between  peak 
pressure  and  standoff  distance  illustrated 
in  Figure  14.  The  results  are  shown  in 
Figure  IS. 


Figure  14 


where 


Figure  17  Unit  Impulse  Based  on 
Experimental  Results 


Figure  18  Force  Applied  to  CAMPBELL's  Shaft 


tan(- 


(13) 


f  -  natural  frequency 

L  ”  shaft  length 

a  "  speed  of  sound  in  the  shaft 
material 

Mg  ■  total  mass  of  the  shaft 

Mp  -  mass  of  the  propeller  and  boss  nut 

Solving  equation  (13)  for  the  natural 
frequency  in  the  region  of  interest  for 
CAMPBELL  yields  a  value  of  270  Hz.  This 
corresponds  to  a  natural  period  of 
3.71  msec.  Inserting  this  result  into 
equation  (13)  yeilds  a  dynamic  manificatlon 
factor  D  of  approxlmatley  1.12. 

Each  of  the  strain  profiles  can  be 
approximated  analytically  as  a  sine  wave 
who'se  magnitude  varies  according  to  charge 
size.  With  this  knowledge,  equation  (9)  can 
be  redefined  accordingly  for  any  fixed 
location  on  the  shaft: 


v(t)  •  (a)  max[e(x,t)]  sin  (2  zt/T)  (14) 


Similarly,  for  any  given  value  of  x  (except 
right  at  the  gear  box),  equation  (10)  can  be 
expressed  as. 


B.  COMPARISON  OF  NUMERICAL  AND 
EXPERIMENTAL  RESULTS 

A  good  approximation  of  the  forcing 
function  illustrated  in  Figure  18  is  a 
rectangular  impulse.  For  this  type  of 
loading,  the  dynamic  magnification  factor,  D 
is  defined  as,  [Ref.  6] 


D  -  2  sln[ir(B)]  (12) 


where  B  is  the  ratio  of  the  load  period  to 
the  period  T  at  which  the  shaft  responds. 
From  Figure  18,  the  load  period  Is  0.7  msec. 
The  strain  wave  histories  indicated  that  the 
half  period  of  shaft  response  corresponding 
to  the  lowest  excitation  frequency  is  around 
2  msec  (i.e.,  T  is  in  the  vicinity  of  4 
msec).  It  can  be  shown  [Ref.  8]  that  the 
natural  frequencies  of  the  shaft-propeller 
system  can  be  expressed  by, 


u(t)  “  a  max[e(x,t)]  J%in(2  zt/T)dt 


or  (15) 

u(t)— (T/2  z)(a)  max[  e(x,t)]co8(2  zt/T) 

Finally,  the  expression  for  the  maximum 
displacement  of  the  shaft  is  simply, 

umax  “  max[u(x,t)]  =*  (T/2  z)  (a)  max[e(x,t)] 

(16) 

As  indicated  in  previous  section, 
values  of  raax[e(x,t)]  used  in  equation  (16) 
can  be  obtained  experimentally  by  direct 
strain  gage  measurement,  or  numerically 
through  the  use  of  equation  (11).  Figure  19 


130 


summarizes  the  results  obtained  for 
maximum  shaft  displacement  for  both  methodc. 


results  are  shown  In  Figure  20.  As 
expected,  the  shape  of  the  loading  19  nearly 
Identical  to  that  experienced  on  CAMPBELL. 
The  period  of  the  load,  however,  would  be 
1.2  msec.  Observing  from  Table  1  that  the 
natural  period  of  interest  la  T  *  3.8  msec, 
equation  (12)  provides  a  dynamic 
magnification  factor  of  1.67.  Utilizing 
equation  (11)  to  obtain  the  maximum 
theoretical  strains  that  would  be 
experienced  for  a  given  charge  size,  the 
equivalent  shaft  displacements  can  be 
predicted  using  equation  (16).  These  are 
plotted  for  the  pet  shaft  of  USS  CHARLES  F. 
ADAMS  (DDG-2)  In  Figure  21. 


Table  1 

Natural  Shaft  Periods  for  Both  Ships. 


Plgure  19  CAMPBELL  Shaft  Displacement  va . 

Charge  Size 

The  numerically  determined  values  display  a 
linear  relationship  with  Increasing  charge 
size  that  Is  adequately  approximated  by  the 
experimental  record  within  the  range 
observed,  supporting  the  assertion  that  the 
numerical  model  Is  an  acceptable  one  for 
further  prediction  purposes. 


C.  NUMERICAL  ANALYSIS  OF  DDG-2  SHAFT 

CONFIGURATION 

Having  established  the  validity  of  a 
method  for  predicting  the  response  profile 
of  the  shaft  In  the  case  of  CAMPBELL,  a 
specific  Inservice  shaft  configuration  will 
now  be  analyzed.  The  US3  CHARLES  F.  ADAMS 
(DDC-2)  class  of  gulded-ml asl le  destroyers 
was  chosen  for  this  purpose.  Experience 
amcng  U.S.  Navy  diving  supervisors  Indicates 
tills  large  class  of  surface  combatants  Is 
one  of  the  most  frequent  candidates  for 
waterborne  propeller  replacement. 

Shafc  blueprints  for  the  ADAMS  class 
were  obtelned  from  the  planning  yard.  It 
was  decided  to  analyze  the  port  shaft,  since 
It  more  closely  resembles  the  configuration 
on  CAMPBELL.  Natural  period  of  longitudinal 
vibration  for  the  port  shaft  were  computed 
using  equation  (13)  and  the  shaft  geometry 
defined  by  the  blueprints.  It  was  3.8  nsec 
which  Is  close  to  that  of  CAMPBELL. 

Given  the  larger  shaft  diameter  of  the 
ADAMS  class  over  CAMPBELL,  the  length  of 
•sch  wrap  of  detrord  would  be  Increased 
proportionally.  Taking  this  Into  account, 
as  well  as  the  larger  surface  area  of  the 
propeller  hub  over  which  to  carry  the 
Integration,  the  force  which  would  be 
applied  to  the  end  of  ADAMS '  port  abaft  was 
predicted  as  was  done  for  CAMPBELL,  and  the 
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Plgure  20  Predicted  Force  on  ADAMS  Shaft 
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Figure  21  Predicted  Shaft  Displacement  for 
ADAMS 

CONCLUSIONS 

According  to  [Ref.  2],  the  maximum 
static  removal  force  to  be  used  in  unseating 
the  propeller  from  an  ADAMS-class  destroyer 
is  400  tons  (800  kips).  From  Figure  20,  the 
maximum  predicted  force  from  a  3-wrap  charge 
is  145  tons  (290  kips).  Multiplying  this 
value  by  the  dynamic  magnification  factor  of 
1.67  calculated  for  ADAMS,  an  equivalent 
force  of  240  tons  is  obtained,  leaving  a 
considerable  margin  of  safety  under  this 
criterion. 

Although  Figure  3  indicates  a  zero 
displacement  condition  for  the  shaft  collar 
at  the  thrust  bearing,  this  is  only  true  for 
tensile  loads.  The  initial  tensile  wave  in 
the  -x  direction  will  be  reflected  as 
another  tensile  wave  in  the  +x  direction. 
Upon  arrival  at  the  propeller,  the  strain 
wave  will  be  reflected  again  in  the  -x 
direction,  but  this  time  as  a  wave  of 
compression.  By  the  time  this  compressive 
wave  reaches  the  thrust  beating,  it  will  be 
on  its  third  trip  along  the  shaft,  and  some 
dissipation  of  its  magnitude  is  to  be 
expected.  However,  as  a  conservative 
estimate,  it  is  assumed  that  this  wave 
arrives  at  the  gear  box  undiminished. 

The  DDG-2  reduction  gear  technical 
manual  (Ref.  9]  defines  a  minimum  allowable 
endplay  on  the  shaft  collar/thrust  bearing 
interface  of  0.019  inches.  This  is  twice 
the  displacement  predicted  for  ADAMS  from  a 
5-wrap  detcord  charge  in  Figure  21,  a 
prediction  that  includes  several 
conservative  assumptions  which  realistically 
should  provide  for  an  even  greater  safety 
margin.  This  means  that  the  shaft  collar 
will  not  compress  the  forward  bearing  shoes 
sufficiently  to  transfer  the  shock  loading 
indicated  In  Figure  16  to  the  reduction 
gears.  It  is  therfore  concluded  that,  at 
least  within  the  range  of  charge  sizes 


tested,  the  use  of  detonating  cord  to  remove 
a  propeller  from  a  ADAMS-class  destroyer 
will  result  in  no  detrimental  effects  on  the 
thrust  bearings  or  the  reduction  gears. 
Given  the  extremely  small  magnitude  of 
expected  shaft  displacement,  it  is  also 
concluded  that  friction  damage  to  strut, 
stem  tube,  or  line  shaft  bearings,  or  to 
the  stern  tube  seal  itself,  would  be 
non-existent  to  any  measurable  degree. 

In  light  of  the  obvious  cost  savings, 
the  use  of  Navy  divers  to  perform  an 
increasing  number  of  underwater  maintenance 
and  repair  tasks  in  the  future  appears 
certain.  Nevertheless,  frequent  objections 
have  been  raised  against  the  conduct  of 
underwater  ship  husbandary  in  general,  and 
against  the  use  of  explosives  to  remove 
conventional  propellers  in  particular.  In 
both  cases,  the  underlying  problem  has  not 
been  the  methods  themselves  so  much  as  the 
lack  of  quality  control.  -  The  few  specific 
instances  where  damage  has  resulted  from 
using  detcord  in  waterborne  propeller 
replacement  can  each  be  attributed  to  a 
failure  to  follow  established  procedures  and 
common  sense.  Where  procedures  are  as 
followed,  the  use  of  detonating  cord  common 
sense.  Where  procedures  are  as  followed, 
the  use  of  detonating  cord  to  remove  a 
damaged  propeller  is  considered  a  safe  and 
viable  alternative  to  other  more  costly  and 
time  consuming  method. 
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BLAST  AND  GROUND  SHOCK 

Dynamic  Response  of  Armor  Plate  to 
Non-Penetrating  Projectile  Impact 


W.  Scott  Walton 

U.S.  Army  Combat  Systems  Test  Activity 
Aberdeen  Proving  Ground,  Maryland 


ABSTRACT 

To  investigate  the  instrumentation  related  problems  of 
acceleration  measurement  on  armor  plates,  a  controlled 
experiment  was  conducted.  A  38mm  thick  plate  of  rolled 
homogeneous  armor  (RHA)  was  subjected  to  impact  by  ball 
bearings  and  small  caliber  projectiles  (.30  caliber  to 
20mm).  Measurements  of  acceleration,  velocity, 
displacement,  and  strain  were  made.  Because  of  with 
continued  difficulties  acceleration  and  velocity 
instrumentation,  a  non-standard  velocity  measurement 
technique  velocity  measurement  technique  was  used. 
Differentiation  of  the  resulting  velocity  signals 
produced  very  short  duration  (1  microsecond) 

(1  microsecond)  acceleration  pulses  of  1  to  3  million 
g's.  The  theoretical  prediction  was  approximately 
1  million  g's. 


INTRODUCTION 

A  number  of  instrumentation  re¬ 
lated  difficulties  have  been  encoun¬ 
tered  during  measurements  of  accelera¬ 
tion  on  armor  plate  subject  to  projec¬ 
tile  impact.  A-classic  example  is  a 
test  done  by  Devost  and  O'Brasky 
(reference  1)  of  the  Naval  Ordnance 
Laboratory  using  the  5"/54  gun  in 
1972.  In  that  test,  only  the  ac¬ 
celerometers  that  were  mechanically 
decoupled  from  the  plate  survived  im¬ 
pact.  Similar  resuits  have  been  ob¬ 
served  by  the  U.S.  Army  Combat  Systems 
Test  Activity  using  smaller  caliber 
projectiles. 

To  investigate  these  problems, 
and  to  characterize  the  ballistic 
shock  environment,  a  controlled  ex¬ 
periment  was  conducted.  Figure  1 
shows  an  RHA  test  plate  .038  by  .914 
by  .914  meters  bolted  to  a  rigid  sup¬ 
port  structure. 

The  test  plates  were  attached 
using  18  bolts  on  a  .864  meter  square. 
Assuming  these  bolts  to  be  simple  sup¬ 
port,  the  lowest  theoretical  resonant 
frequency  of  this  configuration  is 


Figure  1.  Photograph  of  RHA  tesc  pla^e 
.03U  by  .914  by  ,914  meters  in  rigid 
support  structure.  Note  ball  bearing, 
suspended  from  2  wire  pendulum,  and 
hammers,  used  to  check  instrumentation 
prior  to  projectile  impact. 
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LOCATIONS  FOR 


Figure  2.  Instrumentation  layout  on  back  of  plate 


249.6  Hz.  The  observed  resonant 
frequencies  of  4  different  plates 
varied  frons  249  to  263  Hz.,  hence  the 
assumption  of  simple  support  appears 
justified. 

INSTRUMENTATION 

Figure  2  shows  the  location  of 
transducers  used  to  measure  the 
response  of  the  back  of  the  plate. 
Figure  3  is  a  photograph  of  the  trans¬ 
ducers.  Three  different  models  of 
piezoresisti ve  accelerometers  were 
used.  Velocity  transducers  were  sup¬ 
plied  by  the  Underwater  Explosion 
Research  Division  (UERD)  of  the  Naval 
Ship  Research  and  Development  Center. 

Displacement  was  measured  using 
commercial  non-contacting  eddy-current 
probes  and  by  a  locally  fabricated 
capacitive  type  displacement  trans¬ 
ducer  fashioned  after  Erlich's  design 
(Reference  2).  Strain  was  measured 
using  conventional  foil  type  and  semi¬ 
conductor  type  strain  gages. 

Signal  conditioning  for  all 
transducers  was  located  in  a  box 
directly  behind  the  support  structure. 
This  step  was  taken  to  obtain  higher 
frequency  response  than  is  usually 
possible  when  transducers  must  drive 
long  cables.  A  bridge  conditioning 
electronics  unit  was  fabricated  for 
the  accelerometers  and  strain  gages  to 


provide  100  KHz  frequency  response 
through  150  meters  of  RG-58  cable. 

BALL  BEARING  IMPACT 

The  impact  of  a  50mm  diameter 
steel  ball  bearing  was  used  to  check 
the  instrumentation  prior  to  firing 
projectiles.  This  impact  is  of  inter¬ 
est  because  the  momentum  change  and  the 
impact  duration  are  similar  to  projec¬ 
tile  impact,  and  because  this  type  of 
impact  has  been  analyzed  mathematically 
by  several  authors. 

As  stated  by  Greszczuk  (Reference 
3),  a  half-sine  function  can  be  used  as 
a  reasonable  estimate  of  the  force  vs. 
time  profile  for  ball  bearing  impact. 

A  half-sine  pulse  with  a  124  micro¬ 
second  duration  and  40,000  Newton  peak 
amplitude  was  shown  to  be  a  reasonable 
approximat ion  of  the  ball  bearing  im¬ 
pact  used  in  this  experiment. 

A  computational  technique  used  by 
Goldsmith  (Reference  4)  was  used  to 
analyze  the  lower  modes  of  response  of 
the  armor  plate  to  ball  bearing  impact. 
For  a  central  transverse  impact  of  a 
simply  supported  rectangular  plate,  the 
displacement  in  the  7.  direction  of  any 
point  along  the  X  axis  of  the  plate  can 
be  calculated  as  a  function  of  time 
using  the  equation  shown  in  Figure  4. 


Figure  3.  Photo  of  instrumentation  on  back  of  plate. 
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Note  that  the  displacement  and 
strain  can  be  calculated  directly 
using  the  equations  in  Figure  4. 
Acceleration  and  velocity  were  ob¬ 
tained  by  numerically  differentiating 
the  calculated  displacement  values. 

The  solutions  were  calculated  using  a 
time  step  of  5  microseconds  and  11 
harmonics. 

Figure  5  compares  the  calculated 
and  measured  response  of  the  plate  to 
ball  bearing  impact.  Although  the 
plots  show  significant  discrepancies, 
(40%  on  velocity)  the  measurements  and 
the  calculation  demonstrate  the  same 
general  trends. 

Note  how  the  half-sine  shape  of 
the  forcing  function  dominates  the 
measurements.  The  velocity  and  strain 
measurements  at  0mm  show  a  similar 
half-sine  shape.  As  one  would  expect, 
the  corresponding  acceleration  pulse 
is  roughly  a  sine  wave,  passing 
through  zero  at  the  time  when  the 
velocity  reaches  its  peak. 

The  strain  signal  is  a  tension 
pulse  at  the  Omm  position  and  a  com¬ 
pression  pulse  at  the  170mm  position. 
This  transition  from  tension  to  com¬ 
pression  was  mentioned  by  Doyle 
(References  5  and  6)  in  his  discussion 
-of  measuring  the  force  vs.  time  of  an 
impact  by  using  strain  signals.  A 
resemblance  to  the  half-sine  shape  of 
the  forcing  function  clearly  dominates 
both  strain  signals. 

PROJECTILE  IMPACT 

Figure  6  shows  the  target  plate 
and  support  structure  on  the  firing 
range.  Figure  7  shows  some  of  the 
soft  projectiles  before  and  after  im¬ 
pact.  The  projectile  types  and  strik¬ 
ing  velocities  are  listed  in  Table  1. 

In  the  previous  section,  it  was 
mentioned  that  the  characteristic  sig¬ 
nature  of  the  forcing  function  could 
be  seen  as  a  compression  pulse  at  the 
170mm  position.  Figure  8  shows 
characteristic  strain  signatures  of 
various  projectile  impacts.  Note  that 
the  Ball  Bearing  and  .30  Caliber  Ball 
impacts  produce  a  half-sine  pulse  of 
approximately  100  microsecond  dura¬ 
tion.  The  Fragment  simulating  projec¬ 
tiles  produce  a  more  triangular  shaped 
pulse  of  10  to  50  microseconds  in 
duration. 


Figure  6.  Plate  and  support  structure 
on  firing  , range . 


Figure  7.  soft  projectiles  before  and 
after  impact  at  335  meters/second. 

The  long  term  (90  millisecond) 
response  of  the  plate  is  shown  in 
Figure  9.  A  hammer  impact  (H4)  is  com¬ 
pared  to  a  projectile  impact  (Round 
#28).  The  hammer  impact  lasted  ap¬ 
proximately  2  milliseconds  and  this  im¬ 
pact  )oad  primarily  excites  the  250  Hz 
resonance  of  the  plate.  Round  28  was  a 
.30  caliber  ball  impact  lasting  ap¬ 
proximately  120  microseconds,  and  it 
excites  much  higher  frequencies. 
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ACCEL£RATION~AT  0mm  POSITION 
50mm  BALL  BEARING  IMPACT 


Figure  8.  Strain  signatures  of  various  impacts.  Upper  figure  shows  20mm  FSP 
impacts  at  361  KPS  (1186  FPS),  69?  MPS  (2286  FPS),  and  1012  KPS  i  3  3  i  9  FPS). 
Note  that  strain  magnitude  increases,  in  proportion  to  striking  velocity. 
Lower  figure  shows  strain  signatures  of  ball  beating  and  .30  caliber 
projectile  impacts. 
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Table  1.  Types  of  Projectiles  Fired 


Bore 

Type  of 
Projectile 

Projectile  Mass 

In  Grams 

Nominal  Striking 
Velocity  in 

Meters /Sec 
(+30) 

.30  Caliber 

Fragment  Simulator 
(Steel) 

2.85 

335,  671 , 

S  1006 

.30  Caliber 

Ball  (Lead  Antimony) 

9.85 

335  &  671 

.50  Caliber 

Fragment  Simulator 
(Steel) 

13.42 

335,  671, 

&  1006 

.50  Caliber 

Ball  (Lead  Antimony) 

45.88 

335  &  671 

20mm 

Fragment  Simulator 
(Steel ) 

53.79 

335,  671, 

S  1006 

20mm 

Copper  Slug 

58.98 

335  &  671 

75mm 

Aluminum  Proof  Slug 

2348.0 

335 

Note  that  the  two  displacement 
plots  are  similar  in  shape,  and  are 
dominated  by  the  250  Hz  resonance  of 
the  plate.  The  two  acceleration  pul- 


a  special  distribution  that  is  described 
below.  The  peak  displacement  becomes: 

Ho  Vo 

Zo  -  J  .a  ~ : 


'2 . 3  1  p  E 


ses  are  quite  dissimilar.  The  ac¬ 
celeration  from  projectile  impact  is  2 
orders  of  magnitude  higher  in 
amplitude  and  contains  frequencies  up 
to  and  above  the  4  KHz  limitation  of 
the  accelerometer  used  in  channel  5. 

During  projectile  impact,  undamp¬ 
ed  accelerometers  with  high  resonant 
frequencies  indicated  values  as  high 
as  200,000  g's  and  were  destroyed. 

Yet  damped  accelerometers  with  low 
frequency  response  survived  the  same 
impact  and  indicated  levels  of  only 
200  g's,  a  discrepancy  of  3  orders  of 
magnitude ! 

PEAK  DISPLACEMENT 

Because  displacement  response  was 
dominated  by  the  250Hz  resonance,  peak 
displacement  measurements  are  not 
seriously  affected  by  instrumentation 
frequency  response  limitations.  Hence 
peak  displacement  is  one  of  the  most 
accurate  measurements  made  in  the  bal¬ 
listic  shock  environment. 

An  equation  for  calculating  peak 
displacement  was  developed  by  Westine 
(Reference  7)  for  rectangular  plates 
with  clamped  supports.  Westine's 
equation,  was  modified  by  the  author 
for  central  impact  of  a  simply  sup¬ 
ported  square  plate  by  substituting 


Where  2o  "  Peak  displacement  at 
center  of  plate 
Mo  ■  Mass  of  striking 

projectile  (.00985  Kg) 

Vo  *  Velocity  of  striking 
projectile  (335 
meters/sec ) 

h  *  Thickness  of  plate 
( .038  meters ) 
p  ■  Density  of  plate 
material^ (7833 
Kg/meter  ) 

E  *  Modulus  of  elasticity 
of  plate  material 
(2.07  x  10"  2 

Newtons/meter  ) 

Hence  a  .30  caliber  ball  projectile 
(9.85  grams)  striking  a  38mm  thick  plate 
at  335  meters/second  results  in  a  peak 
displacement  of  37.3  microns  at  the  cen¬ 
ter  of  the  plate.  The  spatial  distribu¬ 
tion  of  the  displacement  (which  satis¬ 
fied  the  boundary  conditions  of  simple 
support)  is  assumed  to  be: 
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Where  Zo  “  Peak  displacement  at  center 
of  plate 

Z  *  Peak  displacement  at  any 
point  X ,  Y 

X  *  Distance  from  side  edge  of 
plate  to  center  (.432 
meters  ) 

*  «  Distance  from  side  edge  of 

plate  to  point  of  interest 
( .  332  meters  ) 

Y  ■  Distance  from  top  or  bottom 
of  plate  to  center 
(.432  meters  ) 

y  ■  Distance  from  top  or  bottom 
of  plate  to  point  of 
interest  (.432  meters) 

Hence  at  a  point  on  the  central  X 
axis  of  the  plate,  100mm  from  the  cen¬ 
ter  of  a  .864  meter  square,  the  peak 
displacement  Z  will  be  .926  of  the 
peak  displacement  at  the  center  of  '■he 
plate.  Thus,  the  predicted  peak  dis¬ 
placement  at  the  100mm  position  for  a 
.30  cal. her  hall  impact  at  335 
meters/second  is  34.5  microns. 


Figure  10  shows  graphically  the 
measured  peak  displacement  values  at  the 
100mm  position  for  the  various  types  of 
projectile  impacts.  Note  that  Westine’s 
simple  momentum  prediction  works  well 
over  a  three  order  of  magnitude  varia¬ 
tion  in  striking  momentum. 

PSFIIDO  VFl.OGTTY  GAGF 

To  rectify  difficulties  with  sur¬ 
face  velocity  and  acceleration  measure¬ 
ments,  a  non-standard  velocity  measure¬ 
ment  technique  was  ..jed,  A  small  pickup 
coil  was  epoxied  directly  to  the  armor 
plate  and  a  magnet  was  suspended  ahove 
the  coil  in  a  compliant  casing  as  shown 
in  Figure  11.  backing  any  hotter  name, 
and  because  the  author  did  not  think  the 
idea  would  work,  t-his  arrangement  was 
dubbed  the  "pseudo  velocity  gage". 

A  Hopkinson  ha r ,  instrumented  as 
shown  in  Figure  12  was  used  to  test  the 
pseudo  velocity  gage.  Figure  13  shows 
typical  response  of  the  strain  gage,  ac¬ 
celerometer,  and  pseudo  velocity  gage  to 
an  impact  on  the  Hopkinson  bar. 
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Figure  11.  Schematic  sketch  of  pseudo 
velocity  gage.  Casing  is  fabricated 
from  compliant  material,  allowing 
magnet  to  remain  stationary  as  coil 
on  plate  moves. 


HOPKIISOR  BAR 


Figure  12.  Sketch  of  Hopkinson  bar 
used  to  test  pseudo  velocity  gage. 

As  discussed  by  Brown  {Reference 
8)  and  others,  the  strain  gage  can  be 
used  to  measure  the  velocity  of  the 
free  end  of  a  Hopkinson  bar  according 
to  the  relationship;  V  =  2ce 
Where  V  =  Velocity  at  the  free  end 
c  =  Wave  velocity  in  the  bar 
material 

c  =  Strain  measured  on  bar 

Hence  the  Hopkinson  bar  provides 
two  independent  measurements  of 
velocity;  one  obtained  from  the 
strain  gage,  and  another  obtained  by 
integrating  the  accelerometer  signal. 
As  shown  in  Figure  14,  the  pseudo 
velocity  gage  signal  agreed  well  with 
these  other  two  measurements  of 
velocity , 
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Figure  13.  Response  of  Hopkinson 
bar  to  ball  bearing  impact,  as 
measured  by  strain  gage,-  pseudo 
velocity  gage,  and  accelerometer. 
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Figure  14.  Comparison  of  pseudo  velocity  gage  output  with  strain  gage  and  integrated 
accelerometer  measurements.  Motion  produced  by  impact  of  .30  caliber  ball  projectile 
(9.F-S  gram)  striking  Hopkinson  bat  at  335  meters/second. 


FRAGMENT  SIMULATING  PROJECTILE  IMPACT 


Figure  15  shows  the  three  types 
of  Fragment  Simulating  Projectiles 
<  F  S  F )  used  in  this  experiment.  These 
steel  projectiles  were  fabricated  ac¬ 
cording  to  MIL-P-4F593A  and  hardened 
to  a  value  of  30  on  the  Rockwell  C 
sea le . 

Acceleration  measurements  were 
most  difficult  during  FSP  impact.  The 
previously  mentioned  three  order  of 
magnitude  discrepancy  in  peak  ac- 
celerat ion  values  occurred  durinq  a 
.30  caliber  FSP  impact.  To  avoid 
destroying  more  accelerometers,  no  ac¬ 
celeration  measurements  were  made 
during  20mm  ESP  impact. 

The  20mm  FSP  impact  was  chosen  by 
Quigley  (Reference  9)  for  analysis 
using  a  finite  clement  code  normally 
used  to  predict  armor  pane  t- rat  i  on  .  A 
pseudo  velocity  gage  measurement  from 
a  20mm  FSP  making  a  central  impact  on 
a  .033  by  .305  by  .305  meter  RHA  plate 
was  made  directly  behind  the  projec¬ 
tile  impact  point. 


« 


«  » 


Figure  15.  .30  caliber,  .50  caliber, 

and  iOmm  FSP ' s  oeforo  and  after 
33S  r-.c.cr c/cccc;;d  impwCL  . 

A  comparison  of  the  pseudo  velocity 
g aoe  measurement  with  Quigley's  predic¬ 
tion  is  shown  in  Figure  16.  Note  that 
the  agreement  is  ceasonably  good. 
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Figure  16.  Velocity  vs.  time  measured  directly  behind  impact  point  on  1^-inch 
RHA  plate'  Projectile  is  20mm  Fragment  Simulating  Projectile  (FSP)  striking  at 
335  meters/second.  Digitizing  rate  2  million  samples/second.  Calculation 
performed  by  Quigley  using  finite  element  code.  Acceleration  vs.  time  signal 
obtained  by  differentiating  pseudo  velocity  gage  signal. 
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Figure  16  also  shows  the  dif¬ 
ferentiated  pseudo  velocity  gage  sig¬ 
nal.  Note  that  the  observed  peak  ac¬ 
celeration  values  ( 1  to  3  million  g's) 
agree  reasonably  well  with  Quigley's 
prediction  of  approximately  1  million 
g  *s. 

The  large  magnitude  (1  million 
g's)  of  the  observed  acceleration 
pulse  is  well  beyond  the  range  of  any 
commercial  accelerometer,  and  explains 
the  loss  of  accelerometers  observed 
during  earlier  20mm  FSP  impacts.  The 
short  duration  of  the  pulses  (1  micro¬ 
second)  is  assumed  to  be  responsible 
for  the  wide  discrepancies  in  peak  ac¬ 
celeration  observed  between  ac¬ 
celerometers  with  different  frequency 
response  during  lower  level  (.30 
caliber  FSP)  impacts. 

CONCLUS IONS 

1.  The  ballistic  shock  environment  is 
characterized  by  very  little  displace¬ 
ment  (measured  in  microns)  and  very 
large  acceleration  (measured  in  mil¬ 
lions  of  g's). 

2.  Strain  gages  can  be  used  to  obtain 
characteristic  signatures  related  to 
the  loading  function  of  non- 
penetrating  projectile  impacts. 

3.  In  a  controlled  environment  (i.e., 
when  a  stable  reference  point  is 
available),  displacement  can  be 
measured  readily.  Peak  displacement 
values  can  be  adequately  estimated 
using  the  momentum  of  the  striking 
projectile. 

4.  The  "pseudo  velocity  gage" 
provides  an  adequate  surface  velocity 
measurement  in  a  1  dimensional 
environment. 

5.  Direct  measurement  of  acceleration 
with  accelerometers  that  are  currently 
available  commercially,  is  impossible 
in  the  ballistic  shock  environment  due 
to  the  high  level  (millions  of  g's) 
and  short  duration  (microsecond)  of 
the  pulses  present. 
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Discussion 

Mr.  Sill  (ENDEVCO)  :  As  the  designer  of  the 
accelerometer  that  he  so  well  destroyed,  I  want 
to  say  two  things  In  agreement.  We  take  great 
pains  to  soften  the  blow  on  our  Hopklnson  bar. 

We  have  aluminum  mltlgators  and  specially  shaped 
projectiles  to  give  us  very  low  frequency 
content  pulses  by  which  we  can  calibrate  and 
test  the  accelerometer.  Sometimes  we  forget  to 
put  In  the  piece  of  aluminum.  We  get  a  direct 
metal-to-metal  Impact,  and  destroy 
accelerometers  ourselves,  with  Indicated 
accelerations  weLl  In  excess  of  200,000  or 
300,000  g'a.  So,  I  wholehearted lv  believe  In 
what  yo  have  done.  I  have  a  question  about 
your  cal.bratlon  technique.  We  are  careful  to 
make  sure  the  pulse  length  Is  long  so  the 
assumptions  Involved  In  the  Hopklnson  bar-type 
calibration  hold.  What  were  your  pulse  lengths, 
and  did  you  worry  about  that  frequency  content? 

Mr.  Walton:  We  used  a  ball  bearing  Impact  to 
calibrate  the  pseudo-velocity  gage,  and  It  was 
anywhere  from  80  to  100  microseconds  In 
duration.  That  Is  an  Important  thing  to 
remember,  because  above  100  microseconds,  the 
little  casing  for  the  pseudo-velocity  gage  Is  no 
longer  stationary.  It  starts  to  move,  and  your 
results  start  to  drift  off.  Below  80 
microseconds  you  have  trouble  with  the 
accelerometer.  1  call  It  the  ICK  CREAM 
calibration.  It  stands  for  _In-Sltu,  that  Is  the 
Jce  part.  Cream  Is  Calibration  Required  EAch 
Flouncing.  Every  time  I  put  a  pseudo-velocity 
gage  on,  I  have  to  drill  two  little  4-40  holes, 
get  a  32  microinch  finish,  and  hang  the  plate 
with  something  that  Is  high  enough  to  excite 
this  p8eudo-veloc l ty  gage,  but  low  enough  not  to 
destroy  the  accelerometer.  There  are  not  a  lot 
of  things  that  fall  Into  that  narrow  region. 

Mr ,  Welas  ( RCA) :  From  what  you  are  saying,  your 
responses  were  right  at  the  edge  of  your 
Instrumentation.  I  suspect  as  you  1  •'ease  the 
capabilities  of  the  Instrumentation,  >ou  will 
get  even  higher  accelerations,  and  higher 
accelerations  of  oven  shorter  duration.  That  Is 
all  right,  but  what  Is  the  practical 
significance  of  all  this1  Where  does  It  connect 
to  your  design? 


me  where  I  can  put  an  accele rome ter ,  so  It  will 
survive.  At  this  point  that  ts  perhaps  the  moat 
practical  application;  It  survives  when  the 
accelerometer  doesn't,  so  that  Is  very 
important . 

Mr.  Chalmers  (Naval  Ocean  Systems  Center):  I 
was  wondering  how  your  strain  gages  held  up 
under  those  conditions, 

Mr,  Walton:  No  problem!  The  strain  gages 
survived  almost  all  of  the  tine.  The  only 
problem  we  had  with  them  was  when  we  used  the 
foil  type  which  had  the  little  solder  tabs  on 
the  strain  gage.  The  place  where  the  Bolder 
was,  blew  apart.  The  gage  stayed  on,  and  the 
wires  stayed  on;  but,  the  little  solder  tab  had 
some  mass  to  It,  it  flew  off,  and  It  was  gone. 
However,  the  semi-conductor  type  with  the  built- 
in  leads  survived  rather  well. 

Mr.  DeLeon  (ITT  Cllflllan):  With  that  kind  of 
acceleration,  1  wojld  think  your  material  would 
s pal  1 . 

Mr.  Walton:  No,  not  yet.  It  won't  tjke  much 
more  before  it  starts  to  spall.  We  have  noticed 
we  are  getting  big  bulges  at  velocities 
approaching  100  meters  per  second.  Above  that, 
the  armor  will  start  to  spall. 


Mr .  Walton:  That  Is  the  same  question  ny  boss 
aska.  I  guess  the  reason  I  did  this 
Investigation,  and  I  have  pushed  this  so  far  Is 
we  have  to  make  neasuienents  on  plates  to  find 
out  what  Is  there.  Before  we  ran  do  that,  maybe 
on  something  that  Is  slightly  removed  where  the 
high  frequencies  are  damped  out,  or  not 
transmitted  ns  well,  we  have  to  have  some 
general  Idea  of  what  ts  there  on  the  plate's 
surface;  It  Is  very  high  frequency.  T  don't 
think  one  megahertz  Is  too  bad  for  an  Impact  of 
a  20  millimeter  projectile  at  1,100  feet  per 
second.  As  we  get  higher  Impact  velocities,  and 
as  we  get  smaller  plates,  the  frequencies  become 
higher.  If  we  get  away  from,  the  Impact  area, 
tne  frequencies  become  smaller.  The  nice  thing 
about  the  :>seudo-ve  1  oc  1  ty  gage  la  that  It  tells 
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EVALUATION  OF  SHOCK  RESPONSE  IN  COMBAT  VEHICLES: 


SCALE  MODEL  RESULTS 


James  F.  Unruh 
Oaniel  J.  Pomerening 
Dennis  C.  Scheidt 

Southwest  Research  Institute 
San  Antonio,  Texas 


A  program  of  shock  measurements  in  a  scaled  simulated  armored  vehicle 
was  instituted  to  support  an  effort  of  shock  protection  of  secondary 
components  in  combat  vehicles.  The  scale  model  was  subjected  to  air- 
blast,  land  mine  blast,  and  kinetic  energy  projectile  impact.  Results 
from  in-depth  evaluation  of  the  scale  model  airblast  test  data  are 
presented  with  the  specific  objectives  to:  I)  assess  the  reliability 
of  the  recorded  data,  2)  conduct  Fourier  and  shock  spectrum  analysis  of 
the  valid  test  data,  3)  determine  the  approximate  metric  for  data  dis¬ 
play  relative  to  secondary  equipment  survivability,  and  4)  describe 
loads  acting  on  the  test  fixture  for  future  correlating  analyses. 
Fourier  and  shock  response  spectra  analysis  of  the  valid  data  showed 
the  scale  model  response  was  dominated  by  ringout  of  the  various  funda¬ 
mental  panel  modes  and  a  significant  amount  of  response  energy  was 
contained  within  the  first  five  to  seven  panel  resonant  modes  of 
vibration.  The  acceleration  sho>  k  response  spectrum  used  for  vibration 
specification  of  secondary  equipment  mounted  to  the  test  structure 
appeared  to  display,  the  importance  of  the  fundamental  panel  response 
much  clearer  than  plots  of  Fourier  amplitude  spectral  densities. 


INTRODUCTION 

A  program  of  shock  measurements  in  a  scaled 
simulated  armored  vehicle  was  instituted  by  the 
II.  S.  Army  Tank  Automotive  Command  (TACOM)  to 
support  the  Shock  Protection  of  Secondary  Compo¬ 
nents  in  Combat  Vehicles  program.  The  scale 
model  concept,  design  specification,  instrumen¬ 
tation  configuration,  etc.,  were  developed  by 
Southwest  Research  Institute  personnel  during  a 
previous  program  (1).  The  test  fixture, 
weighing  1,600  pounds  and  representing  a  1/4 
scale  model  of  a  102,000-pound  tank,  was  sub¬ 
jected  to  nonpenetrating  airblast,  kinet'~ 
energy  projectile  impact,  and  land  mine  deto¬ 
nation  ballistic  threats.  The  Ballistic 
Measurements  Branch  of  the  Materials  Test 
Directorate  (MTD)  provided  the  instrument. t ion 
for  measurement  of  selected  test  fixture 
response  parameters,  including  22  channels  of 
surface-mounted  accelerometers  and  two  interior 
pressure  transducers.  Preliminary  time  domain 
data  reduction  was  carried  out  by  the  Analytical 
Branch  of  MTO.  Many  channels  showed  baseline 
offsets,  which  historically  plague  high-shock 
measurements,  and  many  channels  exhibited 
ringing  which  could  not  be  totally  explained  by 
the  transducer  characteristics  |2|. 


An  initial  investigation  into  analytically 
predicting  the  measured  time  history  responses 
in  the  1/4  scale  test  fixture  is  reported  in 
Reference  1.  Analysis  procedures  with  varying 
degrees  of  sophistication  or  complexity  were 
developed  ranging  from  impulse-momentum  balances 
to  structural  dynamic  finite  element  model  time 
history  analyses.  Results  of  the  study  indi¬ 
cated  that'  a  more  in-depth  analysis  of  the 
measured  data  would  be  necessary  to  insure  valid 
comparison  of  predictions  to  test  data.  The 
objective  of  the  Resent  study  was  to  conduct  a 
more  in-depth  evaluation  of  the  scale  model  test 
data  to:  1)  assess  the  reliability  of  the 

recorded  data,  2)  conduct  Fourier  and  shock 
spectrum  analysis  of  the  valid  test  data, 
3)  determine  the  approximate  metric  for  data 
display  relative  to  secondary  equipment  sur¬ 
vivability,  and  4)  describe  loads  acting  on  the 
test  fixture,  the  t  st  fixture  material  prop¬ 
erties,  etc.,  for  ^^ure  correlating  analyses. 
The  work  was  reported  in  three  volumes:  Vol¬ 
ume  I  presented  a  data  summary  of  all  available 
information  on  the  test  model  ballistic  loading, 
scaling  parameters,  and  expected  responses  ( 3 ] ; 
Volume  II  presented  detailed  test  data  response 
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time  histories,  Fourier  spectra  and  shock  spec¬ 
tra  data  for  the  alrblast  ballistic  loading  [41; 
and  Volume  III  presented  similar  response  data 
for  the  kinetic  energy  projectile  and  land  mine 
ballistic  loadings  (5|.  In  the  present  paper, 
discussions  will  be  limited  to  a  brief  descrip¬ 
tion  of  alrblast  response  data  results  to  demon¬ 
strate  the  content  of  the  information  contained 
in  References  3  through  5. 

TEST  PROGRAM 

Test  Fixture 

The  test  fixture,  schematically  shown  in 
Figure  1,  is  a  1/4  scale  model  of  a  conceptual 
tank.  The  box  like  structure  was  68.5  Inches 
front  to  rear,  35.75  inches  side  to  side  and 
22.25  Inches  deep,  supported  off  the  ground  on 
all  four  corners  with  4.5  x  18.0  x  1.0  Inch 
spacer  blocks.  The  total  height  of  the  test 
fixture  was  26.75  Inches.  The  exterior  side 
walls  of  the  test  fixture  were  l/4-1nch  thick 
armor  plate  with  l/4-1nch  thick  low  carbon  steel 
Interior  walls  and  roof  panels.  The  floor 
panels  were  mainly  3/4-1nch  thick  armor  plate, 
except  for  the  center  panel  which  was  3/8-1nch 
thick.  The  tank  engine  was  simulated  with  a 
block  mass  as  Indicated  In  Figure  1.  All  seams 
of  the  test  fixture  were  welded,  except  for  the 
bolted  roof  panels  which  facilitated  removal  for 
Instrumentation.  Two  side  panels  of  the  test 
fixture  were  fitted  with  isolated  added  masses 
to  simulate  mounted  secondary  equipment.  The 
test  fixture  was  supported  on  the  ground  under 
Its  own  weight  and  thus  was  free  to  move  subject 
to  the  ground  plane  constraint. 


Fig.  1  1/4-Scale  of  a  conceptual  tank, 
three-dimensional  view 
(shown  with  top  removed) 


Estimates  of  the  test  fixture  panel  reso¬ 
nances  below  1,000  Hz  were  made  in  order  to  help 
interpret  peaks  in  the  spectral  data.  The  reso¬ 
nant  frequency  estimates  were  based  on  panels 
with  all  edges  clamped  (see  page  261  of  Refer¬ 
ence  6).  The  panel  frequency  estimates  are 


given  in  Table  1.  For  the  side  panels,  which 
are  attached  to  a  roof  panel,  the  frequency 
estimates  given  in  Table  1  are  considered  to  be 
somewhat  high  since  the  effectiveness  of  the 
roof  to  side  panel  attachment  is  not  a  fully- 
clamped  support. 

Instrumentation  and  Data  Acquisition 

The  accelerometer  locations  are  shown  as 
positions  1  through  14  in  the  exploded  view  of 
the  test  fixture  given  in  Figure  2.  A  total  of 
22  accelerometer  positions/orientations  were 
used  to  acquire  the  data.  Several  types  of 
accelerometers  were  used  according  to  avail¬ 
ability  and  the  expected  Input  levels. 

Test  data  was  recorded  on  two  IRIG  wide- 
Band  Group  I  FM  one-inch  magnetic  tape  recorders 
at  a  speed  of  60  in. /sec.  In  addition  to  the  12 
data  channels,  a  voice  track  was  available  to 
key  the  run  type  and  countdown  for  the  start  of 
the  recorded  events.  Prior  to  the  event,  trans¬ 
ducer  calibration  signals  were  recorded  on  each 
tape  channel  In  the  form  of  either  a  step  func¬ 
tion  or  sine  wave. 

Ballistic  Loading 

The  test  fixture  was  subjected  to  alrblast, 
kinetic  energy  projectile  Impact,  and  land  mine 
ballistic  Impulses.  Three  runs  of  each  type  of 
loading  were  recorded  on  both  tape  recorders. 
As  previously  stated,  present  discussion  will  be 
limited  to  the  alrblast  loading  runs.  The  air- 
blast  loading  employed  spherical  charges  of  C-4 
explosive  ranging  In  weight  from  3.1  to  3.625 
pounds.  The  charges  were  placed  on  the  ground 
to  the  right  of  the  test  fixture  center  at  dis¬ 
tances  of  six,  eight  and  ten  feet  from  the  right 
side  of  the  test  fixture.  The  charge  weight  and 
coordinate  locations  for  test  runs  are  shown 
schematically  In  Figure  3. 


Fig.  2  Transducer  positions 
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TABLE  1 

Panel  Frequency  Estimates  -  Out  of  Plane  Response 


1 

Panel 

Transducer 

Position 

MKTTTCE 

Material 

—a 

HEM 

Estimated  Frequencies 

Based  on  Clamped  Edges  (Hz) 

Left  Side  Center 

3.  6,  8 
M* 

%  x  21  x  21% 

If  x  21  x  2U] 

Armor 

31.94 

+2 

188,  384.  567.  690 

Shear  support  >  1000  Hz 

Left  Side  Front 

4 

%  x  23%  x  2m 

Armor 

35.37 

177,  332,  374.  527,  500 

Bottom  Center 

10,  11 

3/8  x  13  x  21 

Armor 

28.97 

618,  841,  1236,  1401,  1624 

Top  Center 

12* 

%  x  13  x  21 

Low  Carbon 

19.31 

*1.0 

286.,  411,  560.  823,  933.  1081 

Right  Side  Center 

DO 

1.  5.  7 
13* 

If  x  21  x  21>i 
x  21  x  21% 

Armor 

31.94 

♦2 

188,  304.  567,  690 

Shear  support  >  1000  Hz 

Right  Side  Front 

2 

%  x  23%  x  21% 

Armor 

35.37 

177,  332,  374,  527,  589 

Engine  Mass 

9 

4%  x  23%  x  13 

Low  Carbon 

363.5 

‘Transducer  mounted  on  compliant  "shock*  support  with  additional  mass, 
“free  edge  size. 

+Add  0.50  lbs  for  Instrumentation  and  mounting  block. 


All  data  recorded  was  to  measure  responses 
to  the  shock  Input  loads.  There  was  no  acquired 
data  that  would  measure  the  Input  loads  directly 
and,  therefore,  an  analytical  prediction  of  the 
loads  on  the  test  fixture  was  made.  For  the 
alrblast  condition,  the  loads  are  produced  by 
the  Impingement  of  air  shock  on  the  structure. 
The  parameters  considered  Included:  1)  the 
type,  amount,  and  configuration  of  the  explo¬ 
sive,  2)  the  location  of  the  charge  relative  to 
the  test  fixture  and  other  elements  Including 
the  ground,  and  3)  the  geometry  of  the  test  fix¬ 
ture  (rectangular  with  one  face  perpendicular  to 
the  explosive  charge).  8ased  on  these  param¬ 
eters,  the  pressure  time  histories  at  various 
locations  on  the  test  fixture  were  calculated  In 
terms  of  the  arrival  time,  peak  pressure,  and 
pulse  duration. 

Prediction  of  airblast  loading  on  the 
exterior  walls  of  the  vehicle  is  based  on  the 
procedures  given  in  Technical  Manual  TM  5-1300 
[7].  Some  of  the  methods  and  data  presented  In 
TM  5-1300  are  outdated.  In  these  cases,  the 
most  current  information  available  was  used  In 
making  estimates  of  the  airblast  loading,  using 
data  from  References  8,  9,  and  10.  Under  sea- 
level  ambient  atmospheric  conditions,  the 
detonation  of  an  explosive  charge  propagates  a 
shock  wave  into  the  atmosphere.  An  idealized 
shock  wave  resembles  the  time  history  shown  in 
Figure  4.  When  the  shock  wave  first  arrives, 
ta,  a  very  steep  jump  in  pressure  occurs  to  a 
pressure  above  atmospheric  pressure  (an  over¬ 
pressure),  Ps.  This  pressure  then  decays  in  a 
modified  exponential  form  until  it  reaches  zero 
at  the  time,  t^.  Thereafter,  the  pressure  con¬ 
tinues  to  decay  to  below  atmospheric  pressure. 


Eventually,  the  negative  gauge  pressure  reaches 
a  minimum  and  rises  back  to  atmospheric.  Often, 
the  generalized  history  shown  in  Figure  4  is 


Run 
.10 . 

Location 

H 

3.10 

34.25 

IBS 

— 

2A 

3.625 

34.25 

3 

3.625 

34.25 

■ 

*  C-4  Sphere 


Fig.  3  Airblast  loading  configurations 
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pressure  p(t) 


approximated  by  using  a  triangular  pulse  with  an 
infinitely  steep  rise  at  the  shock  front  and 
ignoring  the  negative  phase  of  loading.  The 
duration  of  the  pulse,  T,  will  be  less  than  t^ 
so  that  the  positive  phase  of  loading  will  have 
the  same  area  under  the  curve  when  a  triangular 
loading  is  used.  The  area  under  a  pressure  time 
history  is  termed  specific  impulse.  In 
Figure  4,  impulse  is  the  area  under  the  over¬ 
pressure  history  up  to  the  time  t<j  when  the 
negative  overshoot  begins  to  occur. 

Historically,  the  airblast  parameters 
described  above  have  been  based  on  graphs 
developed  from  empirical  formulations  and 
experimental  data  17-10].  The  parameters  are 
defined  in  terms  of  the  standoff  distance,  R, 
and  the  equivalent  weight  of  TNT,  W,  of  the 
explosive.  Oetailed  calculation  procedures  for 
peak  pressures  and  pulse  durations  for  the  test 
configurations  are  beyond  the  scope  of  this 
paper;  however,  such  details  can  be  found  in 
Reference  3.  Typical  peak  loading  estimates  for 
the  centers  of  the  right-side  panels  of  the  test 
fixture  are  given  in  Table  2.  As  can  be  seen  by 
these  estimates,  the  reflected  pressure  pulse 
duration  varied  from  one -ha If  to  two  milli¬ 
seconds,  with  peak  pressures  on  the  order  of  50 
t.o  300  pounds  per  square  inch.  The  predicted 
peak  pressures  and  pulse  time  durations  were 
less  for  the  roof  panels,  rear  panels  and  side 
panels  of  the  test  fixture  than  the  front 
panels,  as  expected,  since  these  panels  provide 
a  grazing  path  for  the  blast  wave. 

The  scale  model  relationships  used  to 
develop  the  test  fixture  ar->  given  in  Table  3. 
The  major  nondimensional  tern  used  was  the  ratio 
of  inertia  to  strength.  When  considering  equal 
density  and  strength  for  the  model  and  prototype 
with  a  geometric  scale  of  1  to  4,  the  result  is 
the  scale  factors  listed  in  Table  3.  Here  we 


note  that  prototype  accelerations  will  be  one- 
fourth  of  the  model  measured  accelerations  and 
prototype  loading,  or  response  time  durations 
will  be  four  times  as  long.  Likewise,  model 
response  frequencies  will  be  one-fourth  that  of 
the  model. 


TABLE  2 

Airblast  Loading  Right  Side 
Pressure  Time  Histories 


Coer41f*ttft 

(in) 

Am 

no. 

Ttoo  o f 
4rrW*l 

t»*c) 

?tlk 

nrtswnr 

% 

t»«i) 

(W 

Oorttloo 

‘r 

(M4C) 

* 

1 

l 

11.4 0 

n.n 

15.54 

l 

J.I5 

57 

4.99,10'* 

1.76 

V 1 

2.  It 

126 

6.78,10'* 

1.07 

3 

I.<2 

294 

8.56,10'* 

0.58 

34.20 

35.75 

15.84 

f 

3.04 

84 

5.35,10'* 

1.48 

W 

2.04 

144 

T.39,10'* 

1.01 

3 

t.Jl 

359 

9.65,10'* 

0.54 

57.12 

35.75 

15.64 

l 

3.15 

57 

4.98,10'* 

1.76 

24 

2.13 

126 

6.75,10'* 

1.37 

3 

1.42 

293 

8.55,10'* 

0.54 

Data  Analysis 

A  preliminary  review  of  all  taped  data 
channels,  via  visual  inspection  of  oscillo¬ 
graphs,  eliminated  a  majority  of  the  question¬ 
able  data.  The  time  histories  were  digitized  at 
several  different  sampling  rates  with  corres¬ 
ponding  filtering  to  obtain  a  measure  of  the 
effect  of  possible  transducer  response  and  to 
obtain  a  feel  for  the  importance  of  high- 
frequency  response.  The  analog  recorded  signals 
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TABLE  3 

Scale  Model  Relationships 


Assumptions: 


1)  Constant  density  o  ratio  '  1.0 

2)  Constant  strength  o  ratio  ■  1.0 

3)  Geometric  Scale  L  ratio  •  v  -  1/4 


Scaled  factors: 


|  Quantity 

| 

j  Material  density 
I  Material  strength 
I  All  geometry,  deflections 
|  Velocity 
|  Time 

I  Acceleration 
j  tumped  Mass 
!  Energy  Release  Explosive 
j  Structural  Strain 
|  Energy  per  Unit  Volume 
:  Response  frequency 


were  played  Into  a  conic  6080  4-channel  spectrum 
analyzer  using  a  10)E  pretrigger  to  Insure  cap¬ 
ture  of  the  Initial  response  In  the  data  wlnduw. 
An  exponential  weighting  window  was  used  to 
reduce  signal  leakage  for  data  which  was  not 
"rung  out"  within  the  data  block.  The  samplirg 
frequency,  cutoff  frequency,  and  frequency  reso¬ 
lution  for  the  spectral  data  versus  sampling 
period  are  shown  in  the  following  table: 


1 


Samp  I ’ ng 

1  Sampling  | 

Cutoff 

F  requency 

Period 

Frequency  1 

Frequency 

Resolution 

( sec  i 

| 

(HZ) 

(Hz) 

0.01 

102,400.  1 

40,000. 

100. 

0.05 

20,480. 

8,000. 

20. 

0.40 

2,560. 

1,000. 

2.5 

The  Fourier  decomposition  of  the  recorded 
signals  was  displayed  in  terms  of  an  amplitude 
spectral  density;  that  Is,  the  effects  of  analy¬ 
sis  resolution  bandwidth  (Bw)  are  emphasized  In 
the  data  display.  The  amplitude  spectral  den¬ 
sity  Is  a  plot  of  the  Fourier  amplitude  for  the 
given  frequency  band  divided  by  the  square  Qf 
the  resolution  bandwidth,  l.e.,  ampl 1 tude/(Bw) ' , 
and  thus  had  units  of  amplitude  per  Hertz 
squared. 

Shock  spectrum  analysis  of  the  recorded 
test  fixture  acceleration  responses  was  carried 
out  to  evaluate  imposed  shock  criteria  for 
secondary  equipment  attached  to  the  walls  of  a 
combat  vehicle.  The  shock  spectrum  is  defined 
as  the  maximum  response  of  a  set  of  linear 
oscillators  to  the  shock  recorded  as  a  function 
of  the  natural  frequency  of  the  oscillator 
(111.  There  are  a  number  of  response  parameters 
(deflection,  velocity,  acceleration,  relative  or 
absolute  motions)  that  can  be  computed  for  the 
shock  spectrum.  The  most  widely-used  shock 
spectra  for  secondary  equipment  evaluation  is 
the  maximum  spectrum  derived  from  a  base-excited 
system  with  absolute  acceleration  input  and 
absolute  acceleration  response. 

Shock  spectrum  analysis  was  conducted  using 
a  Spectral  Dynamics  Model  SD  321  analyzer  on 
the  maxi  mode.  Maxi  mode  measures  the  peak 
response,  positive  or  negative  polarity  either 
during  the  application  of  the  input  or  after  the 
Input  subsides.  The  analyzer  captured  a  0.1- 
second  time  window  with  a  sampling  rate  of 
40,000  Hz.  The  0.1-second  time  window  was  suf¬ 
ficient  to  capture  even  the  longest  duration 
event.  Tiie  analysis  resolution  was  1/12  octave 
In  the  range  from  10  through  10,000  Hz.  Analy¬ 
ses  were  carried  out  at  several  oscillator 
damping  levels. 

TYPICAL  RESPONSE  DATA 

Typical  time  history  and  spectral  response 
data  from  airblast  loading  of  tne  test  fixture 
for  a  panel  near  the  source  (location  #1)  are 
given  In  Figures  5a  through  5c  and  for  a  panel 
shielded  from  the  source  (location  #3)  in  fig¬ 
ures  6a  through  6c.  These  data  are  for  late'a' 
(Y)  panel  response.  The  time  history  data  are 
given  for  signal  durations  of  0.40  and  0.06 
seconds.  The  peak  response  cn  the  time  his¬ 
tories  are  best  detected  in  the  0.05  second  time 
window  which  is  attributed  to  quantization  error 
|12|  associated  with  the  data  window  sampling 
rate.  The  peak  acceleration  for  the  pane1 
nearest  to  the  source  is  read  from  Figure  5b  at 
-642,000  in/sec'  or  1,662  g's.  The  shielded 
pane  i  response  peaked  at  -162,500  1n/sec‘  or 
420  g's  as  read  from  Figure  6b.  The  20-Hz 
bandwidth  spectra  of  Figures  5c  and  6c  corres¬ 
pond  directly  to  the  0.05-second  time  histories. 
From  the  spectral  dpnsity  plots,  we  can  see  that 
a  majority  of  the  response  energy  is  contained 
in  distinct  resonances  below  1,000  Hz  for  both 
the  near  source  and  shielded  panels.  The  fol¬ 
lowing  peak  analysis  of  the  data  in  Flgune  6c 
verifies  this  visja1  observation. 
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Peaks  from  Figure  6c  less  than  1,000  Hz 


Ref. 

Frequency 

Spectral 

Density 

Amplitude 

(Hz) 

(1n/sec2/Hz2) 

(in/sec2) 

(g's) 

140 

2.27xl02 

9.08x10“ 

235. 

300 

2.14xl02 

8.56x10“ 

222. 

500 

1.36xl02 

5.44x10“ 

141. 

710 

1.04xl02 

4.16x10“ 

108. 

805 

1.20xl02 

4.80x10“ 

124. 

Expected 

Peak 

(SRSS) 

1. 50X10* 

389. 

As  can  be  seen  by  this  data,  the  five  highest 
Fourier  amplitudes  contained  in  the  spectrum  out 
to  805  H2  result  in  an  expected  peak  accelera¬ 
tion  of  389  g's  which  compares  well  to  the  420-g 
peak  taken  from  the  time  history.  Thus,  If  one 
can  obtain  accurate  response  out  to,  for  exam¬ 
ple,  1,000  Hz,  a  good  estimate  of  the  peak 
expected  response  can  be  made.  In  the  above 
peak  acceleration  estimate,  the  phase  of  each 
contributing  spectral  component  was  assumed  to 
be  randomly  distributed  and,  thus,  the  square 
root  of  the  sum  of  the  squares  (SRSS)  method  of 
addition  was  used. 


Summary  acceleration  data  for  the  airblast 
run  2A  are  given  in  Table  4.  The  time  history 
and  frequency  response  data  for  all  valid  data 
channels  were  evaluateo  for  peak  acceleration 
response,  apparent  resonance  response  and  spec¬ 
tral  regions  where  haystacks  of  high  response 
were  present.  The  8-KHz  analysis  range  spectrum 
wore  mainly  used  for  the  generation  of  this  data 
since  the  1-KHz  analysis  data  are  too  narrow  to 
capture  the  overall  response  and  the  40-KHz  data 
were  potentially  influenced  by  transducer  reso¬ 
nance  response.  Comparison  of  the  frequency  at 
which  spectral  peaks  occur  in  the  data  and  the 
estimate  of  resonant  panel  frequencies  given  in 
Table  1  indicate  that  the  test  fixture  response 
was  dominated  by  panel  resonances  within  the 
first  five  to  ten  modes. 

Acceleration  response  spectra  for  response 
locations  1-Y  and  3-Y  are  given  in  Figures  7  and 
8,  respectively.  The  response  spectra  are 
plotted  for  oscillator  damping  values  of  0.5%, 
1%,  and  5%,  where  the  upper  response  curve  cor¬ 
responds  to  0.5%  damping.  The  response  ampli¬ 
fication  of  equipment  at  the  panel  resonances 
are  clearly  visible  in  these  shock  spectra.  The 
importance  of  higher-frequency  response  is  also 
noted  where  amplification  above  the  ZPA  (zero 
period  acceleration)  extends  well  beyond 
1,000  Hz. 


TABLE  4 

Summary  of  Acceleration  Responses,  Airblast  Run  2A 


Response 

Point 

Apparent  Re  son*  nee 
Response  (H i) 

Frequency  Ranges  of  Apparent 
Haystacks  of  Energy  Response 

Analysis  Ranqe 

1-Y 

166?. 

166?. 

1344. 

120-160 

1505. 

3-Y 

339. 

301. 

152. 

142 

260-340,  500-850 

420. 

178. 

355. 

448. 

387. 

194. 

142 

250-340,  500-700 

1  ' 

459. 

?53. 

9^9 

?023. 

2023. 

2023. 

128,  142 

250-300 

8 -V 

459. 

250. 

163. 

142 

260-300,  500-550,  620-650, 

378. 

301. 

720-820 

10-Z 

453. 

453. 

448. 

516 

13-Y 

2466. 

2466. 

1417. 

129,  144 

1788. 

id-r 

402. 

301. 

162. 

142 

250-300,  500-540 

347. 

233. 
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Fig.  7  Acceleration  response  spectrum, 
1-Y  RZA,  1/12  octave  resolution 


CONCLUSIONS 

The  vibration  response  data  recorded  during 
a  test  of  a  1/4  scale  model  combat  vehicle  sub¬ 
jected  to  alrblast  ballistic  excitations  was 
analyzed  for  valid  data  recording,  peak  acceler¬ 
ations,  spectral  response,  and  shock  response 
for  secondary  equipment  mounted  on  the  walls  of 
the  vehicle.  Estimates  of  the  loading  condi¬ 
tions  were  made;  however,  there  was  no  direct 
measurement  of  the  loads  for  validation. 
Fourier  and  shock  response  spectra  analysis  of 
the  valid  data  support  the  following 
observations: 

1)  Test  fixture  response  was  dominated  by  ring- 
out  of  the  various  fundamental  panel  modes, 
and  a  significant  amount  of  response  energy 
was  contained  within  the  first  five  to  ten 
panel  resonant  modes  of  vibration. 

2)  The  acceleration  shock  response  spectrum, 
used  for  vibration  specification  of  secon¬ 
dary  equipment  mounted  to  the  test  struc¬ 
ture,  appeared  to  display  the  importance  of 
the  fundamental  panel  response  much  clearer 
than  plots  of  Fourier  amplitude  spectral 
densities. 
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Fig.  8  Acceleration  response  spectrum, 
3-Y  R2A,  1/12  octave  resolution 
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YIELD  EFFECTS  ON  THE  RESPONSE  OF  A  BURIED  BLAST  SHELTER 


T.  R.  Slawson,  S.  C.  Woodson,  and  S.  A.  Kiger 
U.S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Mississippi 

Three  dynamic  tests  were  conducted  on  1 /4-scale  structural  models  of  a  Civil 
Defense  blast  shelter.  The  dynamic  loading  was  generated  using  a  jii  gh-Explosive 
Simulation  Technique  (HEST)  to  simulate  the  peak  overpressure  and  overpressure 
decay  of  a  nuclear  detonation.  Simulated  nuclear  weapon  yields  and 
overpressures  were  varied  from  2.1  TJ  (0.5  kt)  at  1.10  MPa  (160  psi)  to  40  TJ 
(9.5  kt)  at  0.83  MPa  (120  psi)  to  determine  overpressures  from  various  weapon 
yields  that  resulted  in  the  same  structural  response.  The  results  of  these 
tests  indicate  that  response  of  the  blast  shelter  model  was  approximately  equal 
for  the  simulated  yield-overpressure  combinations  listed  above.  These  data  were 
used  to  verify  pre-test  response  calculations  for  the  MINOR  SCALE  Event,  a  high- 
explosive  (HE)  test  of  a  full-scale  blast  shelter  sponsored  by  the  Defense 
Nuclear  Agency  (DNA). 


INTRODUCTION 

A  Civil  Defense  blast  shelter  capable  of 
surviving  0.34-MPa  (50-psi)  peak  overpressure 
from  a  4,200-TJ  (1-Mt)  nuclear  detonation  has 
been  designed  for  the  Federal  Emergency 
Management  Agency  (FEMA) .  The  structural 
design  criteria  and  the  levels  of  initial  and 
residual  radiation  dictated  an  earth-covered 
or  buried  structure.  Structural  response 
calculations  were  made  using  a  computer  code 
(Reference  1 )  developed  at  the  Waterways 
Experiment  Station  (WES)  that  includes  soil- 
structure  interaction  effects.  The  first 
design  of  the  shelter  was  experimentally 
verified  in  a  series  of  static  and  dynamic 
tests  (Reference  2)  on  1 /4-scale  models.  Two 
series  of  static  slab  element  tests  were 
performed  to  investigate  the  effects  of  shear 
stirrup  details  (Reference  3)  and  principal 
reinforcement  details  (Reference  4)  on  the 
load-deflection  behavior  of  the  roof  slab. 
Three  static  box  tests  (Reference  5)  were 
performed  to  investigate  alternate  roof-wall 
Joint  details  to  Improve  constructibility  of 
the  shelter.  Data  from  these  tests  were  used 
to  improve  the  structural  design. The  shelter 
design  consists  of  a  shallow-buried,  three- 
bay,  box-type  structure  constructed  of  cast- 
in-place  reinforced  concrete.  The  roof  clear 
span-to-thlckness  (L/t)  ratio  Is  15  and  the 
ratio  of  depth  of  burial  to  clear  span  (D0B/L) 
Is  O.36.  Tests  Indicate  that  the  design  will 
withstand  0  4,200-TJ  (1-Mt)  surface  burst  at  a 
peak  overpressure  of  approximately  0.83  MPa 
(120  psi)  with  the  reserve  capacity  to 
withstand  repeated  loadings.  Dual-use 
considerations  require  the  shelter  design  to 
meet  conventional  building  codes.  The  U.S. 
Army  Engineer  Huntsville  Division  (HMD) 


compared  the  structural  design  to  conventional 
designs  (Reference  6)  and  concluded  that  the 
current  design  could  not  be  significantly 
reduced  if  the  American  Concrete  Institute 
(ACI )  code  requirements  (Reference  7)  for  dead 
and  construction  loads  were  met. 

A  full-scale  version  of  the  blast  shelter 
was  tested  in  the  MINOR  SCALE  HE  Event,  a 
33.5-TJ  (8-kt)  nuclear  simulation  conducted  at 
White  Sands  Missile  Range,  New  Mexico,  in  June 
1985.  The  primary  objective  of  the 
preliminary  study  documented  herein  was  to 
determine  the  range  from  ground  zero  required 
in  MINOR  SCALE  to  produce  the  results  expected 
from  a  4,200-TJ  (1-Mt)  detonation  at  0.3*1  MPa 
(50  psi).  The  three  lA^scale  dynamic  tests 
and  the  test  results  are  discussed  in  this 
paper. 

TEST  DESCRIPTION  AND  RESULTS 

The  1 /4-scale  models  used  in  the  tests 
had  L/t  ratios  of  15,  tensile  steel  ratios  of 
0.012,  concrete  compressive  strengths  of  21 
MPa  (3,000  psi),  and  steel  yield  strengths  of 
410  MPa  (60  ksi).  Each  element  was 
instrumented  to  measure  rebar  strains,  soil- 
structure  interface  pressure,  floor 
acceleration,  roof  acceleration,  and  roof 
deflection.  Free-field  measurements  included 
airblast  pressure,  soil  stress,  and  free-field 
acceleration.  The  test  configuration  for  each 
test  is  shown  in  Figure  1.  The  test  bed  was 
constructed  in  a  6.1-  by  6.1-  by  2.1-m  (20-  by 
20-  by  7-ft)  excavated  pit.  Sand  backfill  was 
placed  and  compacted  in  15.2-cm  (6-)n.)  lifts 
from  the  floor  of  the  excavation  to  a  depth  of 
burial  (DOB)  of  0.3  m  (1  ft)  over  the 
instrumented  structure  for  each  te3t.  After 
backfilling,  the  BEST  charge  cavity  was  con- 
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structed  on  the  ground  surface  above  the  model 
structure.  The  charge  cavity  consisted  of  a 
wooden  framing  system  covered  with  plywood  and 
contained  the  high-'explosive  detonativ-  ord 
that  generated  the  blast  loading.  The  charge 
cavity  was  covered  with  uncompactfc  I 
owtoci'den  to  ocmen* •V* It  ~e*>r;r."  t.'.uoi 
pressure  and  thus  simulate  the  peak 
overpressure  and  pressure  decay  of  a  nuclear 
weapon  detonation.  Charge  cavities  for  these 
tests  measured  4.9  m  by  4.9  m  C 1 6  ft  by  16  ft) 
in  plan  for  test  YE1  and  3.7  m  by  3.7  m  (12  by 
12  ft)  in  plan  for  tests  YE2  and  YE4.  Charge 
cavity  depths  were  0.91  m  (3  ft)  for  test  YE1 , 
0.61  m  (2  ft)  for  test  YE2,  and  0.30  m  (1  ft) 
for  test  YE4.  The  number  of  strands  of 
detonating  cord  was  varied  to  change  the 
charge  density  and  thus  increase  or  decrease 
the  peak  cavity  pressure.  Charge  densities 
were  0.26  kg/m’  (0.016  pcf)  for  test  YE1 ,  0.64 
kg/m’  (0.040  pcf)  for  test  YE2,  and  0.58  kg/m^ 
(0.036  pcf)  for  test  YE4.  Pressure  decay  was 
controlled  by  charge  density,  cavity  thickness 
(initial  cavity  volume),  and  overburden 
height.  Overburden  heights  were  1.22  m  (4  ft) 
for  test  YE1  and  0.61  m  (2  ft)  for  tests  YE2 
and  YE4.  The  charge  cavity  parameters  were 
varied  to  simulate  the  desired  nuclear 
overpressures.  A  more  detailed  description  of 
HEST  is  given  in  Reference  8. 

Table  1  is  a  test  matrix  showing  nuclear 
weapon  simulation  data  and  maximum  midspan 
roof  response  for  the  three  tests.  A  typical 
posttest  damage  photograph  is  shown  in 
Figure  2.  A  typical  alrblast  pressure  record 
is  shown  in  Figure  3.  The  weapon  simulations, 
listed  in  Table  1,  were  determined  by  a  least 
squares  fit  of  nuclear  overpressure  time 
histories  (Reference  9)  to  alrblast  pressure 
data  recovered  in  each  test.  The  duration  of 
the  fit  was  20  msec. 

DATA  ANALYSIS 

The  results  of  tests  YE1  and  YE4  were 
similar  and  can  be  used  to  infer  yield 
effects.  A  35-*percent  increase  in  peak 
overpressure  resulted  in  approximately  the 
same  damage  when  weapon  yield  was  reduced  from 
40  TJ  (9.5  kt)  to  2.1  TJ  (0.5  kt).  Figure  4 
compares  the  data  from  tests  YE1  and  YE4  with 
a  predicted  isodamage  curve  for  a  40^TJ 
(9.5-kt)  weapon  at  a  0.83-MPa  (120-psi)  damage 
level.  The  VSBS  code  (Reference  1)  predicts 
that  an  Increase  in  peak  overpressure  of  30 
percent  is  required  to  maintain  the  same  level 
of  damage  from  the  reduced  weapon  yields  of 
these  tests. 

To  use  the  results  of  these  1/4 -scale 
tests  to  predict  the  required  pressure  level 
in  the  MINOR  SCALE  HE  Event,  the  test  weapon 
yields  must  be  scaled  up  to  full  scale.  Using 
oube  root  scaling,  the  test  weapon  yields 
shown  in  Table  1  should  be  multiplied  by  64  to 
convert  to  prototype  yields.  Therefore,  the 
scaled  weapon  yields  for  tests  YE1  and  YE4 
were  2,500  TJ  (610  kt)  and  130  TJ  (32  kt), 
respectively.  Based  on  those  two  data  points, 
It  is  estimated  that  the  peak  overpressures 


should  be  Increased  by  approximately  50 
percent  if  the  prototype  weapon  yield  is 
:  -duced  from  4,200  TJ  (1  fit)  to  34  TJ  (8  Kfc) 
o  result  in  the  .-.»>"?■  level. 

-jHCLUSXOHo  A.?1'?  Row  VfckijDAilONS 

The  results  of  tests  YE1  and  YE4  verify 
the  computational  procedure  used  to  make 
predictions  for  the  MINOR  SCALE  HE  Event.  It 
Is  recommended  that  the  prototype  blast  ’ 
shelter  be  placed  at  0.52  MPa  (75  psi)  in  the 
MINOR  SCALE  Event. 
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Discussion 


Mr.  Klger ;  The  only  quest  ion  is  whether  cube 
root  scaling  Is  valid,  and  Is  It  widely  accepted 
In  the  community?  If  you  use  cube  root  scaling, 
you  will  get  onr  over  lambda  times  the  Impulse 
on  the  model  structure  that  you  get  on  the 
prototype  structure.  So,  you  will  reduce 
Impulse. 


Mr.  Klger:  We  have  had  a  lot  of  luck  and 
experience  looking  at  quarter  scale  structural 
mode] s  and  scaling  them  up  to  larger  scale 
models.  In  this  case  we  went  from  quarter  scale 
to  full  scale  successfully.  If  the  model  is 
smaller  than  that,  you  cannot  use  conventional 
construction  techniques;  you  may  have  to  use  the 
larger  rebars  or  wire  that  you  would  rather  not 
use.  I  am  not  confident  in  anything  much  less 
than  quarter  scale.  I  have  seen  sixteenth  or 
twentieth  scale  structural  models,  but  the 
failure  modes  don't  look  right.  Maybe  it  is  ntf 
Interpretation.  It  is  important  to  get  the 
right  failure  nodes  in  these  structures  If  you 
wish  to  sirmlate  the  full  scale  structures.  So, 
to  answer  your  question,  1  think  quarter  scale 
is  as  small  as  T  am  comfortable  with  without 
acme  strong  Justification. 

Mr.  Cooper:  You  were  at  the  limit  there? 

Mr.  DeLeon  (ITT  flilflllan):  How  do  you 
correlate  your  area  under  the  impulse  curve  when 
you  are  testing?  Did  you  have  to  correlate  that 
in  your  data? 

Mr.  K 1 ge t :  You  use  cube  root  scaling  to  get  the 
correct  lrroulse. 

Mr.  DeLeon:  Is  it  the  sane  as  the  one  megaton? 

Mr.  Klger:  'I o,  the  impulse  will  not  be  the 
same.  In  this  casn  it  will  be  an  eighth  smeller 
or  a  fourth  smaller  on  the  quarter  scale.  Psi 
scaLed  is  one.  The  second  scale  is  like  your 
scale  factor.  So,  you  should  put  less  impulse 
on  your  model  to  get  an  accurate  simulation. 

Mr.  DeLeon:  When  you  scale  it  to  one  quarter 
scale,  your  deflection  curve  is  not  a  function 
of  the  loading  pattern.  It  seems  to  correlate 
with  the  deflection  curve  when  you  take  the 
deflection  curve  into  your  scaling  factor.  If 
you  go  fro.n  a  quarter  scale  model  to  full  scale, 
the  loading  pattern  on  the  scaled  structure 
should  have  changed  immensely. 

Mr.  Klger:  We  tested  several  different  sites, 
and  you  do  get  very  similar  loading  patterns  on 
the  small  scale  structures  as  they  deflect. 

Your  total  impulse  will  be  to  a  different 
scale.  The  pressures  are  the  same. 

Mr.  Flathau  (JAYCOR):  If  you  take  the  peak,  and 
we  are  scaling  or  looking  at  the  deflection,  the 
peak  deflections  will  scale  with  time.  We  scale 
the  deflections  as  the  lengths  scale,  and  also 
time  is  the  Inverse.  T t  Is  scaling  properly. 
Tine  is  in  the  deflection  domain  also. 


Mr.  Cooper  (Defense  Nuclear  Agency):  You  said 
you  used  the  quarter  scale  models.  What  kind  of 
confidence  do  you  have  In  scaling  for  testing 
purposes?  Do  you  have  a  feel  for  what  si2« 
scale  models  you  can  use  to  simulate  prototype 
behavior? 


SHELTER  RESPONSE  IN  A  SIMULATED  1-WT  NUCLEAR  EVENT 


S.  C.  Woodson,  S.  A.  Niger,  T.  R.  Slawson 
U.S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Mississippi 

A  full-scale,  18-man  capacity  corrugated  metal  blast  shelter  was  tested  using  a 
High  Explosive  Simulation  Technique  (HEST).  The  HEST  simulated  the  airblast 
component  of  a  "4,200-TJ  ( 1  -Mt )  nuclear  surface  burst  with  a  peak  overpressure  of 
approximately  0.37  MPa  (55  psi).  The  main  chamber  of  the  shelter  was  9  m  (29 
ft)  long,  2.7  m  (9  ft)  in  diameter,  and  constructed  from  lOrgage,  galvanized 
corrugated  steel.  The  shelter  was  buried  to  a  depth  of  1.2  m  (4  ft)  in 
compacted  sand.  In-structure  shock  acceleration  data  recorded  during  the  test 
were  used  to  generate  shock  spectra  at  damping  equal  to  5  percent  of  critical. 
These  shock  spectra  can  be  used  to  evaluate  equipment  and  occupant 
survivability.  Results  indicate  that  occupant  survivability  is  highly  probable 


with  no  Injury,  and  that  survivability 
can  be  achieved  by  shock  isolation. 

INTRODUCTION 

The  Waterways  Experiment  Station  (WES) 
conducted  a  verification  test  of  an  Ionian 
civil  defense  blast  shelter  in  support  of  the 
Federal  Emergency  Management  Agency  (FEMA) 
Keyworker  Blast  Shelter  Program.  FEMA  tasked 
the  U.S.  Army  Engineer  Division,  Huntsville 
(HND)to  Investigate  feasible  expedient 
keyworker  blast  shelter  designs,  and  WES 
supported  the  HND  effort  with  a  design 
verification  te3t  of  an  18-man  galvanized 
steel  expedient  shelter.  An  expedient  shelter 
is  one  consisting  of  prefabricated  components 
which  can  be  installed  in  a  time  period  of 
less  than  2  weeks  when  an  international  crisis 
develops.  Expedient  shelters  generally  have  a 
20-man  or  less  capacity. 

Shelter  design  parameters  required  that 
the  shelter  survive  a  peak  overpressure  of 
0.3*1  MPa  (50  psi)  from  a  4,200-TJ  (1-Mt) 
nuclear  weapon  detonation.  The  structural 
design  criteria  and  the  levels  of  initial  and 
residual  radiation  associated  with  the  threat 
weapon  dictated  an  earth-covered  or  buried 
structure.  A  depth  of  burial  of  1.2  m  (4  ft) 
was  required  to  meet  these  criteria. 

The  dynamic  test  was  performed  to 
investigate  structural  response  and  to 
evaluate  survivability  of  the  shelter's 
equipment  and  Inhabitants.  Three  Instrumented 
mannequins  were  placed  Inside  the  shelter  to 
investigate  oooupant  survivability.  This 
paper  describes  the  dynamlo  test  and  analyzes 
the  shook  environment  within  the  shelter.  A 
more  detailed  description  of  the  test 
procedure  and  results  Is  presented  in 
Reference  1 . 

TEST  DESCRIPTION  AND  RE3ULTS 


of  generators  and  communication  equipment 


The  shelter  consisted  of  a  2.7_m  (9-ft) 
diameter  galvanized  corrugated  3teel  culvert 
section  approximately  9  m  (29  ft)  long  with 
end  plates,  ventilation  equipment,  a 
generator,  bunks,  and  an  entryway  with  a  blast 
closure.  Two  instrumented  anthropomorphic 
mannequins  (one  sitting  and  one  prone)  were 
placed  on  two  of  the  shelter's  18  wall-mounted 
bunks.  Another  mannequin  was  placed  in  the 
standing  position.  Triaxial  accelerations 
measured  the  response  of  each  mannequin  during 
the  test,  and  a  high-speed  camera  monitored 
the  motion  of  the  mannequins.  The  structure 
and  free  field  were  instrumented  to  measure 
blast  pressure,  soil  stress,  steel  strains, 
accelerations,  and  structural  deflections.  A 
total  of  60  channels  of  data  were  recorded 
during  the  test. 

The  test  configuration  and  locations  of 
the  two  accelerometers  discussed  in  this  paper 
are  shown  in  Figure  1.  The  test  pit  measured 
approximately  15  by  11  by  5  m  (48  by  36  by  16 
ft).  A  0.6-<m  (2— ft)  layer  of  flume  sand  was 
placed  in  the  test  bed  prior  to  placement  of 
the  shelter.  The  sand  backfill  was  placed  and 
compacted  in  15~cm  (6-inch)  lifts  from  the 
floor  of  the  excavation  to  a  depth  of  burial 
of  1.2  m  (4  ft)  over  the  instrumented 
structure.  After  backfilling,  the  charge 
cavity  was  constructed  on  the  ground  surface 
above  the  shelter.  The  15-  by  11-  by  1-m  (4f  ■ 
by  36-  by  3-ft)  charge  cavity  consisted  of  a 
wooden  framing  system  covered  with  plywood  and 
contained  the  high-explosive  detonating 
cord.  A  1.2-m  (4-ft)  layer  of  uncompacted 
sand  overburden  was  placed  over  the  charge 
oavity,  oonfintng  the  blast  pressure  to 
simulate  the  peak  overpressure  and 
ovorprossuro  decay  of  a  nuclear  weapon 
detonation. 
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The  weapon  simulation  was  determined  by 
choosing  the  best  fit,  in  a  least  squares 
sense,  of  45  mseo  of  the  alrblast  data  to  an 
actual  nuclear  weapon  pressure-time  history  as 
defined  by  Speicher  and  Brode  in 
Reference  2.  The  procedure  used  to  select  the 
best  fit  is  defined  in  sene  detail  in 
Reference  3.  The  best  fit  weapon  simulation 
was  a  4,200rtTJ  (1*Mt)  yield  at  a  peak 
overpressure  of  0.37  MPa  (55  psi). 

Posttest  observations  revealed  only  minor 
structural  damage.  Permanent  diameter  changes 
were  less  than  2.5  cm  (1  in.),  and  rigid  body 
displacements  were  limited  to  approximately 
1.3  cm  (0.5  in.).  The  entranceway,  closure, 
and  entranceway-shelter  connections  incurred 
no  damage,  and  the  end  plates  of  the  main 
chamber  were  undeformed.  Also,  the  mechanical 
air-moving  system  and  generator  were 
functional  posttest.  Posttest  mannequin 
positions  were  similar  to  pretest  settings. 

IN-STRUCTURE  SHOCK 

In-structure  shock  is  typically 
represented  in  terms  of  shock  spectra.  Shock 
spectra  are  plots  of  the  maximum  responses, 
usually  of  relative  displacement, 
pseudovelocity,  and/or  absolute  acceleration 
of  all  possible  linear  oscillators  with  a 
specified  amount  of  damping  to  a  given  input 
base  acceleration-! time  history.  Predictions 
of  shock  spectra  for  vertical  effects  from  a 
4,200-TJ  (1-Mt)  surface  burst  were  made  by 
Applied  Research  Associates,  Inc.  (Reference 
4).  The  predicted  shock  spectra  at  the  0.31H 
MPa  (50-psi)  peak  overpressure  level  are 
presented  in  Figure  2. 

Vertical  shock  spectra  were  generated  from 
acceleration  data  recovered  in  the  dynamic 
test  using  a  computer  code  developed  at  WES. 
The  experimentally  determined  3hock  spectra 
were  calculated  using  damping  of  5  percent  of 
critical  and  smoothed  versions  are  shown  in 
Figures  3  and  4  for  accelerometers  A6  and  A9, 
respectively.  As  shown  in  Figure  1 , 
accelerometer  A6  was  located  on  the  steel 
structure  and  A9  was  located  on  the  plywood 
floor  of  the  shelter.  Comparison  of  Figures  2 
and  3  shows  that  maximum  values  of  velocity 
and  displacement  of  the  structure  are  less 
than  predicted,  but  that  the  maximum  value  of 
acceleration  (38  g's)  is  greater  than  the 
predicted  29  g's.  Comparison  of  Figures  2  and 
4  shows  that  maximum  values  of  velocity 
(95  in. /sec)  and  acceleration  (80  g's)  of  the 
plywood  floor  are  higher  than  the  predicted 
(80  in. /sec  and  29  g's,  respectively),  and 
that  the  maximum  value  of  displacement  (0.8 
lnoh)  is  lower  than  the  predicted  4.2  in. 

Note  that  the  simulated  peak  overpressure  is 
slightly  greater  than  the  0.34-MPa  threat 
overpressure.  At  frequencies  greater  than 
about  100  Hz,  the  experimentally  determined 
shook  spectra  may  not  be  representative  of 
shook  spectra  due  to  an  aotual  nuclear 
detonation.  This  Is  the  result  of 
oscillations  In  the  surface  alrblast  loading 
that  Is  character lstlc  of  the  HEST  charge 


cavity.  The  maximum  acceleration  value  of  80 
g's  shown  in  Figure  A  reflects  a  shift  from  a 
calculated  value  of  about  120  g's,  resulting 
in  a  maximum  plywood  floor  acceleration  twice 
that  of  the  structure.  It  is  believed  that 
the  calculated  value  was  affected  by  the 
oscillations  in  the  HEST  alrblast  loading  that 
would  not  be  present  in  overpressures 
generated  by  actual  nuclear  weapons. 

SURVIVABILITY 

The  vertical  shock  spectra  in  Figures  3 
and  4  can  be  used  to  determine  whether  shock 
isolation  is  needed  for  a  given  piece  of 
equipment,  provided  fragility  curves  for  the 
equipment  are  known.  Alternatively,  these 
shock  spectra  can  be  U3ed  to  write  shock 
resistance  specifications  that  equipment  must 
be  able  to  withstand.  Figure  5  compares  the 
experimentally  determined  shock  spectra  with 
aafe  response  spectra  for  typical  floor- 
mounted  equipment  from  Reference  5.  Figure  5 
shows  that  motor  generators  and  communication 
equipment  should  be  shock  isolated  to 
survive.  The  generator  inside  the  tested 
shelter  was  supported  on  vibration  mounts  on  a 
mounting  skid  and  incurred  no  damage. 

References  6  and  7  discuss  human  shock 
tolerance.  The  effects  of  shock  on  personnel 
Inside  the  structure  depend  on  the  magnitude, 
duration,  frequency,  and  direction  of  the 
motion.  Also,  the  position  of  the  man  at  the 
time  of  shock  influences  its  erfect. 

References  6  and  7  conclude  that  a  standing 
man  will  receive  compressive  injuries  in  the 
body-supporting  bones  if  the  upward  floor 
acceleration  exceeds  20  g's  during  a  long- 
duration  loading.  The  injury  threshold 
increases  as  the  duration  of  the  load 
decreases.  Reference  7  recommends  using  a 
maximum  design  acceleration  of  10  g's  at 
frequencies  at  or  below  man's  resonant 
frequency  in  the  standing  position  (10  Hz). 

The  experimentally  determined  shock  spectra 
show  that,  at  overpressures  slightly  higher 
than  the  design  overpressure,  no  injury  will 
occur.  Since  human  shock  tolerance  is  higher 
in  the  seated  and  prone  positions  than  in  the 
standing  position,  the  probability  of  injury 
decreases . 

Impact  injuries  occur  at  much  lower 
accelerations  than  compressive  bone 
fractures.  Generally,  impact  injuries  may 
occur  at  accelerations  of  0.5  to  1  g  for  an 
unrestrained  man  in  the  standing  position  or 
seated  positions.  These  injuries  are  the 
result  of  falling  and  hitting  the  floor  or 
other  objects.  Impact  injuries  may  be  reduced 
by  padding  or  restraining  to  prevent 
movement.  High-speed  photography  monitored 
the  response  of  the  three  unrestrained 
anthropomorphic  mannequins  during  the  test. 

The  high-speed  movie  footage  showed  that 
Impact  injuries  are  not  probable,  although 
vertical  accelerations  of  3.  6,  and  9  g's  were 
measured  on  the  prone,  standing,  and  sitting 
mannoquins,  respectively. 


168 


in  j  x  x  m  a  u 


CONCLUSIONS  AND  RECOMMENDATIONS 

Based  on  results  of  the  full-scale  dynamic 
test,  ln-structure  shock  In  the  18-man 
Keyworker  Blast  Shelter  is  within  acceptable 
limits  for  occupants.  It  Is  recommended  that 
typical  Blast-shelter  equipment  such  as 
generators  and  communication  equipment  be 
shock  Isolated  to  ensure  survivability. 
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Figure  3. 


Vertical  5 nock  Spectra  from  Accel eronote: 
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Figure  4.  Vertical  Shock  Spectra  from  Accelerometer  A9 
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Figure  5.  Comparison  of  Experimental  Shock  Spoctra  with  Response 
Spectra  for  Typical  Floor-iMounted  Equipment 
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Discussion 


Mr.  Unruh  (Southwest  Research  Institute):  Did 
you  have  any  pressure  gages  on  the  interior  to 
measure  noise  like  a  booming  noise  inside  the 
shelter? 

Hr.  Woodson:  We  did  have  an  air-blast  pressure 
gage  mounted  inside  the  structure.  As  I  recall, 
it  measured  a  very  low  overpressure,  something 
like  two  psi. 

Hr.  Unruh:  Was  that  dynamic  overpressure  or 
just  a  very  low  frequency? 

Hr.  Woodson:  Basically,  it  was  a  static 
overpressure  after  filling  that  large  a  volume. 
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VIBRATION  CHARACTERISTICS  OF  A  LARGE-SCALE  BURIED  STRUCTURE 


F.  D.  Dallriva  and  S.  A.  Kiger 
Research  Structural  Engineers 
U.S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  Mississippi 

A  hi gh-<ex plosive  dynamic  test  was  conducted  on  a  large-scale  (approximately  1/2- 
scale)  reinforced  concrete  box-type  structure  at  a  depth  of  burial  (DOB)  of  20 
percent  of  the  roof  span.  Prior  to  the  high-explosive  test,  vibration  tests 
were  conducted  on  the  structure  both  before  and  after  placement  of  the  sand 
backfill.  The  objectives  of  the  vibration  tests  were  to  determine  the  effects 
of  the  soil  cover  on  the  structure's  vibration  characteristics  (i.e.,  natural 
frequencies,  mode  shapes,  and  damping)  $nd  to  evaluate  possible  scale  effects  by 
comparison  with  results  from  previous  tests  conducted  on  a  similar  structure  at 
a  smaller  scale.  Results  obtained  for  the  roof  of  the  structure  are  presented 
In  this  paper.  Addition  of  the  sand  backfill  reduced  natural  frequencies  and 
increased  damping  ratios  for  the  roof  of  the  large-scale  structure.  The 
frequencies  of  the  smaller  structure  were  not  changed  significantly  after 
addition  of  the  backfill,  which  was  most  likely  due  to  the  nonlinear  nature  of 
the  soil-structure  interaction  effects  caused  by  the  backfill.  The  fundamental 
frequencies  corresponded  well  before  addition  of  the  backfill,  which  indicated 
no  significant  scale  effects,  at  least  in  the  elastic  range  before  backfill. 


INTRODUCTION 

A  large-scale  reinforced  concrete  box- type 
structure  was  tested  dynamically  by  the  U.S. 
Army  Engineer  Waterways  Experiment  Station  in 
support  of  the  Shallow-Buried  Structures 
Program  sponsored  by  the  Defense  Nuclear 
Agency.  The  dynamic  loading  was  produced 
using  a  iiigh-Explosive  .Simulation  Technique 
(HEST)  to  simulate  the  overpressure  and 
duration  associated  with  a  nuclear 
detonation.  One  of  the  test  objectives  was  to 
determine  the  effects  of  scaling  on  the 
structural  response  by  comparison  with 
previous  tests  conducted  on  smaller  scale 
models.  Another  objective  wa3  to  evaluate 
current  analysis  procedures  for  predicting 
structural  response  to  simulated  nuclear 
overpressures.  An  important  parameter  In  the 
analysis  of  buried  structures  involves  the 
determination  of  3oll-structure  Interaction 
effects.  For  example,  when  conducting  a 
single-degree-of-freedom  analysis  to  determine 
roof  response,  the  natural  period  of  the  roof 
must  be  determined.  Soil  cover  on  the 
structure  should  influence  vibration 
characteristics  in  two  ways  (Reference  1). 
First,  because  the  soil  has  shear  strength, 
defleotlons  of  one  part  of  the  soil  relative 
to  another  will  generate  shear  forces  that 
tend  to  confine  the  structure,  restricting  its 
motion  and  Increasing  its  natural  frequency, 
while  some  of  the  soil  Is  expected  to  move 
with  the  structure,  producing  an  added  mass 
effect  and  decreasing  its  natural  frequency. 


The  procedure  discussed  in  Reference  2 
modifies  the  frequency  calculated  for  the 
uncovered  structure  by  a  multiplication  factor 
to  account  for  the  addition  of  the  soil 
cover.  However,  it  places  a  limit  on  this 
added  mass  effect  stating  that  below  some 
critical  DOB,  a  further  increase  in  depth  of 
soil  cover  would  provide  no  corresponding 
increase  in  the  3oil-mass  effect  on  the  period 
of  vibration.  It  suggests  that  a  conservative 
value  (from  a  vulnerability  analysis 
perspective)  for  this  critical  depth  be  taken 
equal  to  the  span  of  the  roof  slab.  The 
objectives  of  the  vibration  test  on  the  large- 
scale  buried  structure  were:  (1)  to  evaluate 
scale  effects  by  comparing  these  test  results 
with  previous  results  obtained  from  vibration 
tests  conducted  on  an  Identical  structure  one- 
half  the  size  of  this  test  structure,  and  (2) 
to  determine  the  effects  of  the  soil  cover  on 
the  vibration  characteristics  of  the 
structure.  This  paper  describes  the  test 
procedure  and  results  obtained  for  vibration 
tests  conducted  on  the  roof  of  the  structure 
before  and  after  addition  of  the  sand 
backf  ill . 

MODEL  STRUCTURE 

The  test  structure  was  constructed  of 
cast-in-place,  steel-reinforced  concrete.  The 
Inside  dimensions  were  2.44  metres  (8  feet) 
high  by  2.44  metres  (8  feet)  wide  by  9.75 
metres  (32  feet)  long,  and  overall  thickness 
of  the  roof,  floor,  and  walls  was  0.285  metre 
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(11.2  inches).  Concrete  cover  over  the 
principal  reinforcing  steel  was  .025*1  metre 
(1  inch)  which  produced  an  effective  depth  of 
0.2*13  metre  (9.6  Inches).  Principal 
reinforcing  steel  was  1  percent  for  both 
tension  and  compression.  The  model  was 
constructed  on  0.762  metre  (2.5  feet)  of  sand, 
and  sand  backfill  was  placed  around  and  over 
the  structure  to  a  depth  of  0.488  metre  (19.2 
inches).  This  provided  a  DOB  equal  to  20 
percent  of  the  roof  span.  All  sand  was  placed 
in  0.152-metre  (6-inch)  lifts  and  vibrated  to 
a  density  of  about  1,682  kg/m^  (105  lb/ft^). 
Structural  details  and  backfill  details  are 
shown  in  Figure  1 . 

EXPERIhENTAL  PROCEDURE 

A  grid  was  established  on  the  roof  Inside 
the  structure,  and  the  Intersections  of  the 
grid  lines  were  used  as  force  input 
locations.  A  piezoelectric  accelerometer  was 
mounted  on  the  roof  for  output  in  the  vertical 
direction.  The  force  input  points  and 
accelerometer  location  are  shown  in 
Figure  2.  A  technique  employing  an 
Instrumented  Impulse  hammer  was  used  to  excite 
the  structure.  The  hammer  used  was  a  PCB 
Model  GK291B50  5. 44-kilogram  (12-pound) 

Impulse  hammer.  A  load  cell  in  the  hammer 
recorded  the  Torce-time  input  and  the 
structural  response  was  measured  by  the 
accelerometer.  Peak  input  force  levels  varied 
between  hammer  hits,  but  were  approximately 
5.33  kilonewtons  (1,200  pounds).  Force  and 
acceleration  measurements  were  digitally 
recorded  as  transfer  functions  (acceleration 
divided  by  force)  using  a  structural  dynamics 
analyzer.  To  average  down  random  noise,  each 
point  was  hit  five  times.  The  analyzer  used 
was  a  Z0NIC  Model  6080  Multichannel  Signal 
Processor.  The  input  and  output  were  also 
recorded  using  analogue  equipment  as  a 
backup.  Access  to  the  structure  after 
placement  of  the  backfill  was  provided  by  a 
corrugated  metal  culvert  which  wa3  installed 
during  the  backfilling  process. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  frequency  response  functions  obtained 
from  the  measured  accelerations  and  input 
force  signals  U3ing  the  FFT  analyzer  were  used 
to  estimate  the  modal  parameters  of  the 
structure  (i.e,,  natural  frequencies,  mode 
shapes,  and  damping  ratios).  Typical  plots  of 
frequency  response  functions,  and 
corresponding  coherence  plots  obtained  before 
and  after  placement  of  the  backfill  are  shown 
in  Figure  3.  As  can  be  seen,  the  -esonant 
peaks  obtained  for  the  uncovered  structure  are 
much  more  narrow  than  for  the  buried  case, 
indicating  a  likely  increase  in  the  damping 
due  to  the  soil  cover.  Comparison  of  the  test 
results  before  and  after  backfill  indicates 
that  the  resonant  frequencies  of  the  roof 
decreased  after  backfill.  The  fundamental 
mode  of  vibration  is  the  most  important  mode 
when  considering  the  response  of  the  roof  to 


blast  loads.  The  frequency  of  the  fundamental 
mode  before  placement  of  the  backfill  was  78 
Hz  and  after  placement  of  the  backfill  was  53 
Hz.  These  results  provide  evidence  that  at  a 
20-percent  DOB  in  sand  backfill,  the  added 
mass  effect  is  greater  than  the  corresponding 
stiffening  effect  provided  by  the  backfill.  A 
comparison  of  these  results  was  made  with 
those  obtained  for  an  identical  structure  one-> 
half  the  size  of  this  structure  (Reference  3) 
which  was  buried  at  a  DOB  of  50  percent  of  the 
roof  span  in  sand.  Those  results  indicated  no 
significant  change  in  the  resonant  frequencies 
before  and  after  placement  of  the  backfill. 

At  this  DOB,  the  stiffening  effect  apparently 
offset  the  effect  due  to  the  added  mass, 
thereby  causing  the  resonant  frequencies  to 
remain  unchanged.  Another  probable  reason  for 
differences  in  the  frequency  characteristics 
of  the  large-  and  small-scale  structures  after 
addition  of  the  backfill  is  the  nonlinear 
nature  of  the  soil-3tructure  interaction.  The 
confining  (stiffening)  effects  of  the 
surroinding  soil  backfill  are  deflection 
dependent.  Because  the  small-scale  structure 
was  excited  with  an  electro-hydraulic  vibrator 
at  a  peak  Torce  of  about  2.22  kilonewtons  (500 
pounds),  much  larger  relative  deflections 
occurred;  therefore,  larger  confining  forces 
were  generated.  This  resulted  in  an  apparent 
atlffer  (higher  frequency)  structure.  The 
resonant  frequency  of  the  fundamental  mode  of 
vibration  for  the  smaller  structure  before 
placement  of  the  backfill  was  152  Hz.  This 
corresponds  well  with  the  value  or  78  Hz 
obtained  for  the  large-scale  structure  since 
the  frequencies  should  differ  theoretically  by 
a  factor  of  two.  Mode  shapes  corresponding  to 
the  fundamental  mode  or  vibration  of  the  roof 
for  the  uncovered  and  covered  structure  are 
shown  in  Figure  4. 

Damping  of  the  roof  was  increased  after 
backfill.  This  result  was  expected  since  the 
soil  backfill  should  allow  energy  to  be  more 
efficiently  radiated  away  from  the  structure 
during  vibration.  Damping  ratios  for  the 
uncovered  structure  ranged  from  1.8  to  7.0 
percent  of  critical.  After  placement  of 
backfill,  the  damping  ratios  ranged  from  7.1 
to  12.3  percent  of  critical. 

Expressions  given  in  Reference  2  for  the 
period  of  vibration  of  a  one-way  reinforced 
concrete  slab  with  fixed  ends  were  used  to 
calculate  natural  frequencies  of  the  roof 
before  and  after  placement  of  the  backfill  for 
comparison  with  experimental  results.  The 
roof  slab  fundamental  period  is  given  by: 

_ SI  Units _  Engl  ish  Units 

T  -  L2/21  ,580  d  pV*  T  -  L2/5,900  d  pV* 
where 

T  =  natural  period,  seconds 

L  =  slab  span,  metres  (feet) 

d  =  effective  depth  of  slab,  metres 
(inches) 
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p  »  tension  steel  reinforcement  ratio, 
which  is  assumed  to  be  the  same  at  the  center 
and  at  the  edges  or  the  slab 

For  the  large-scale  structure: 

T  -  .0113  seconds 

and  the  fundamental  frequency  is 

f  «  88.5  Hz  (78  Hz  measured) 

The  fundamental  period  after  addition  of  the 
soil  backfill  is  given  by: 

_ SI  Units _ English  Units 

Tr  -  T  (0.8  h/dc  +  1)y*  Tr  -  T  (9.6  h/dc  +  1  )y* 

where 

T  -  period  of  vibration  of  the  roof  slab 
uncovered 

h  -  depth  of  soil  cover  over  the  roof 
(but  not  greater  than  the  roof  span) ,  metres 
(feet) 

dc  -  total  thickness  of  the  roof  slab, 
metres  (feet) 

For  the  large-scale  structure  covered 

Tr  -  o.om 

and  the  fundamental  frequency  is 

fr  -  57.5  Hz  (53  Hz  measured) 

The  experimental  and  calculated  values  of 
the  fundamental  frequency  for  the  uncovered 
structure  differ  by  about  13  percent  and  for 
the  covered  structure  by  about  7  percent.  The 
expressions  given  above  3eem  to  be  reasonable 
estimates  of  the  natural  period  for  this 
particular  structure  in  both  the  buried  and 
uncovered  configurations. 

CONCLUSIONS 

The  frequencies  obtained  before  addition 
of  the  backfill  for  the  fundamental  mode  of 
vibration  of  the  large-scale  structure 
correspond  well  with  that  obtained  for  the 
smaller  scale  structure  in  Reference  3.  This 
seems  to  indicate  an  absence  of  any 
significant  scaling  effects  in  the  elastic 
deflection  range  for  the  uncovered 
configuration.  The  addition  of  the  soil 


backfill  to  the  large-scale  structure 
effectively  reduced  the  frequencies  and 
Increased  damping  ratios;  however,  the 
frequencies  of  the  smaller  scale  structure  did 
not  change  significantly  after  addition  of  the 
backfill.  Thi3  can  probably  be  attributed  to 
the  greater  DOB  of  the  smaller  structure 
relative  to  its  span  and  the  nonlinear  nature 
of  the  soil-structure  interaction.  Reference 
3  indicates  that  the  effect  of  soil  on  natural 
frequencies  and  damping  appears  to  be 
dependent  upon  the  structure/ soil  stiffness 
ratio  and  that  parametric  studies  employing 
vibration  testing  should  be  conducted  on 
concrete  slabs  having  various -span- to- 
thlckness  ratios  with  a  variety  of  carefully 
controlled  backfill  conditions.  Care  should 
be  used,  therefore,  when  applying 
semiempirical  design  manual  techniques  such  as 
those  presented  in  Reference  2. 
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Figure  1.  Structural  Dimensions  and  Details 
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Figure  2.  Roof  Plan  Showing  Impact  Point  and 
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Figure  3*  Typical  Mot  of  Frequency  Response  Function 
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A  "NUMERICAL  CAUCE"  FOR  STRUCTURAL  ASSESSMENT 


T.  Krauthammer 

Department  of  Civil  and  Mineral  Engineering 
University  of  Minnesota 
Mlnr.-apolls  ,  Minnesota  55455 


A  simplified  numerical  procedure  for  the  behavioral  assessment  of  rein¬ 
forced  concrete  structural  systems  under  the  effects  of  blast  and  shock  is 
presented,  and  demonstrated.  This  approach  Is  based  on  the  consideration  of 
specific  structural  behavior  mechanisms,  and  soil ■ structure  Interaction  which 
are  known  to  determine  the  systems  performance.  A  computer  code  was  developed 
which  can  be  employed  by  the  designer  and  analyst  as  a  "numerical  gauge"  for 
obtaining  pre-  and  post-event  structural  assessments  based  on  design  or  sice 
information.  A  total  of  sixteen  actual  cases  were  studied  by  the  present 
approach,  and  the  results  are  presented  and  discussed. 


INTRODUCTION  Af  ACKCROUND 


Structvrjl  response  under  the  effects  of 
blast  and  shock  loading  conditions  Is  of  concern 
to  hardened  facilities  designers  who  usually 
employ  advanced  numerical  techniques,  such  as 
finite  element  codes,  fcr  the  assessment  of 
protective  systems.  These  procedures  are 
expensive  and  require  slgnrflcant  resources  for 
obtaining  adequate  results,  and  the  engineer 
wculd  prefer  to  employ  simple  numerical  tools 
for  fast,  yet  accurate,  structural  analyses. 
Also,  If  such  procedures  were  available  they 
would  be  employed  for  pre  test  predictions  and 
for  post-test  evaluation  of  model  structures. 
This  Idea  Is  not  new,  however,  the  present 
method  may  add  to  the  flexibility  of  this 
general  approach.  Previous  studies  have 
demonstrated  the  effectiveness  of  employing 
single -degree -of  -  freedom  (SDOF)  systems  for  the 
assessment  of  structural  response  under  various 
types  of  dynamic  loads  That  approach  was 
further  refined  in  order  to  explicitly  consider 
the  effects  of  specific  structural  mechanisms, 
so  1 1  - s t rue ture  Interaction,  and  loading 
conditions  on  the  dynamic  structural  response. 
The  analyst  can  represent  design  changes  through 
their  Influence  on  these  mechanisms,  and  observe 
the  resulting  variations  In  the  structural 


As  o  result  of  these  studies  It  was  possible  to 
demonstrate  that  complicated  structural 
mechanisms  can  be  accurately  formulated  Into  a 
SDOF  approach,  and  that  a  simplified  numerical 
method  can  provide  accurate  predictions  and 
post-test  assessments  of  the  structural 
behavior.  Furthermore,  this  analytical 
technique  can  be  employed  as  a  "gauge"  for 
performing  rapid  and  inexpensive  numerical 
experiments  providing  accurate  results  foi 
hardened  systems  assessment. 


Structural  behavior  under  blast  and  shock 
induced  loads  can  be  d  vlded  into  two  principal 
groups.  The  first  group  Includes  structures 
under  simulated  nuclear  environments  while  the 
second  Is  composed  of  structures  subjected  to 
localized  effects  such  those  associated  with 
conventional  explosives  The  following 
discussion  will  emphasize  the  differences 
between  these  two  cases 


University  of  Minnesota  for  the  analyses  of 
shal  low -bur  led  reimorced  concrete  box-type 
structures  under  simulated  nuclear  blast 
effects.  and  also  for  highlighting  the 
differences  between  that  type  of  behavior  and 
the  response  of  similar  structures  under  the 
effects  of  localized  conventional  decorations 


Flat-roof  structures  uncer  simulated 
nuclear  loads  have  been  studied  both 
experimentally  and  through  numerical  evaluations 
in  order  to  understand  their  behavior  under 
severe  blast  loading  conditions 
; 9.10.1?. 14. 16.20.?!. 22. 25.  and  26;.  It  was 
noticed  experimentally  [9;  that  the  roofs 
exhibited  two  types  of  behavior  as  follows  one 
group  of  structures  had  a  flexural  response 
while  another  group  was  influenced  primarily  bv 
shear.  At  that  point  It  became  extremely 
importart  to  understand  both  the  flexural  and 
shear  modes  of  behavior,  and  to  b  able  to 
predict  that  performance  based  on  rational 
models  for  structural  mechanisms  '.Vie  structures 
were  analyzed  by  finite  element  techniques 
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16,15,16,25]  where  it  was  possible  to  reproduce 
the  observed  behavior;  nevertheless,  such 
analyses  were  expensive  and  tine  consuming. 
Another  analytical  approach  was  proposed  based 
on  a  SDOF  computation  combined  with  a  Timoshenko 
Beam  model,  and  a  shear  stress  vs.  shear  slip 
model  for  the  concrete  [21] .  A  different 
simplified  approach  was  proposed  based  on 
introducing  structural  resistance  functions  into 
a  SDOF  technique,  and  including  modified  failure 
criteria  for  separating  flexural  cases  from 
those  controlled  by  shear  [12].  That  approach 
seemed  to  produce  behavior  predictions  that  were 
on  average  within  seven  percent  from  the 
experimental  data.  The  quality  of  the  numerical 
results  indicated  that  it  would  be  possible  to 
improve  the  results  by  using  more  accurate 
descriptions  of  structural  mechanisms  and  soil- 
structure  interaction  effects,  as  described  in 
[14],  Indeed,  including  explicit  models  for 
dynamic  shear  and  thrust  effects  on  reinforced 
concrete  slabs  Improved  the  numerical  results  to 
be  on  average  within  five  percent  from  th4 
experimental  values . 

Structural  behavior  under  the  detonation  of 
conventional  explosives  is  a  subject  of  renewed 
interest.  Crawford  et  al.  [3]  compiled  existing 
information  based  on  practical  experience  and 
limited  scientific  studies,  and  provided 
recommendations  on  the  computation  of 
environments,  structural  response,  and  the 
design  against  such  effects.  Nevertheless,  many 
effects  may  not  be  accurately  computed  from  the 
recommendations  in  [3] ,  and  one  needs  to  employ 
later  information  by  Drake  and  Little  [4]  , 
Henrych  [5],  Kiger  and  Albritton  [8],  Vretblad 
[23],  and  Westine  and  Friesenhahn  [24]  which 
provided  further  data  on  the  subject.  Based  on 
those  studies  it  seems  to  be  rational  to  expect 
differences  in  behavior  between  structures  under 
simulated  nuclear  effects,  and  those  subjected 
to  localized  high  explosive  environments,  as 
briefly  outlined  by  Krauthammer  and  Parikh  [13], 
In  order  to  study  such  differences ,  and  to 
perform  a  meaningful  comparison  it  was  decided 
to  choose  two  sets  of  experiments  performed  by 
the  same  investigators  [8,  and  9]  on  very 
similar  structural  systems.  One  set  of 
experiments  [8]  was  governed  by  localized 
effects  while  for  the  other  [9]  simulated 
nuclear  effects  were  employed.  The  comparison 
will  be  performed  by  employing  the  SDOF  approach 
that  will  serve  as  a  "numerical  gauge"  to 
highlight  the  differences  In  the  structural 
responses.  Furthermore,  the  "gauge"  will  also 
be  used  to  identify  the  nature  of  such 
differences,  and  their  physical  origin. 

EXPERIMENTAL  OBSERVATIONS  AND  BEHAVIOR 

Structures  Under  Simulated  Nuclear  Environment 

Data  from  tests  on  shallow-burlod  box- type 
structures,  as  presented  in  several  publications 
[7,9,10,20,  and  22],  can  be  combined  with 
results  from  previous  studies  on  this  topic 
[2,6,12,14,15,16,21  and  25]  for  providing  a 
description  of  the  systems  behavior. 


When  the  simulated  airblast  is  applied  to 
the  soil  free  surface  a  corresponding  shock  wave 
is  induced  in  the  soil  which  travels  vertically 
downward  until  meeting  with  the  structure. 
Based  on  data  from  soil  stress  gauges  and 
interface  pressure  gauges  it  seems  that  the 
shock  front  is  quite  planar,  and  any  modulation 
in  the  interface  pressures  will  appear  as  a 
result  of  wave  reflections  and  soil-structure 
interaction  that  includes  soil  arching. 
Naturally,  this  later  pressure-time  history  is 
not  uniformly  distributed  over  the  roof  slab. 
The  structural  response  was  controlled  either  by 
shear  that  may  result  in  a  direct  shear  failure 
at  the  supports  at  a  very  early  time  (based  on 
the  test  data  in  references  [9]  and  [22]  this 
time  seems  to  be  slightly  over  one  msec  after 
the  arrival  of  the  shcok  front) ,  or  by  flexure 
where  the  roof  slab  may  exhibit  membrane  effects 
initially  in  compression  and  later  possibly  also 
in  tension.  From  the  observed  behavior  it 
becomes  quite  clear  that  in  the  event  that 
direct  shear  is  the  mode  of  failure  the 
structure  will  not  be  allowed  sufficient  time  to 
develop  any  meaningful  flexural  response,  and 
therefore  one  can  justify  the  uncoupling  of  the 
direct  shear  response  from  a  possible  flexural 
response.  Furthermore,  one  may  wish  to  adopt  a 
reliable  model  for  direct  shear  in  order  to  be 
able  to  represent  the  observed  shear  failures , 
and  such  a  model  may  not  have  to  Include  the 
possible  effects  of  moments  and  rotations  at  the 
shear  failure  region. 

Additional  information  on  these  structures 
was  summarized  in  [14] ,  and  it  contains  a 
detailed  discussion  on  the  relationships  between 
structural  behavior  and  analytical  capabilities . 

Structures  Under  Localized  Conventional  Effects 

The  two  structures  tested  under  the  effects 
of  conventional  detonations  were  geometrically 
identical  to  those  tested  under  simulated 
nuclear  effects.  There  were  some  differences  in 
the  material  properties  for  steel  and  concrete, 
as  adequately  discussed  in  [8].  Overall,  there 
were  five  shots  for  structure  3C,  and  eight 
shots  for  structure  3D.  Each  shot  was  performed 
by  the  detonation  of  a  21  lb.  (9.5  kg)  spherical 
TNT  charge  at  distances  between  2.7  ft  (0.8  m) 
to  10  ft  (3.0  m).  The  charges  were  buried  to  be 
positioned  at  the  structure  mid-height,  and 
thus,  it  was  expected  that  the  peak  pressures 
would  be  measured  at  the  wall  slab  center  while 
the  load  on  the  slab  would  be  distributed 
symmetrically  to  th3t  point.  The  main 
difference  between  the  structures  was  that  in 
structure  3C  the  slab  thickness  was  5.6  in.  (142 
mm)  while  it  was  13  in.  (330  mm)  for  structure 
3D,  and  the  free  span  wall  slab  dimensions  were 
4  x  16  feet  (1,2  x  4.9  m) .  The  structural 
behavior  for  the  various  events  during  these 
tests  were  described  in  [8],  and  are  summarized 
ns  follows. 
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Structure  3C:  Tests  1  through  3  were  conducted 
with  the  charges  located  geometrically  away  from 
the  midlength  of  the  structure,  and  the 
structure  sustained  no  structural  damage  due  to 
Test  1  at  a  range  of  8  ft.  (2.44  m) .  Moderate 
cracking  was  observed  at  the  center  portion  of 
the  wall  section  after  Test  2  at  a  range  of  6  ft 
(1.83  m) ,  and  the  cracks  radiated  longitudinally 
along  the  wall.  Test  3  was  conducted  on  the 
opposite  side  of  the  structure  at  a  range  of  4 
ft.  (1.22  m) ,  and  this  test  produced  extensive 
damage  to  the  wall,  which  was  displaced  Inward 
approximately  10.5  in,  (267  mm).  Breaching  of 
the  wall  was  believed  to  be  imminent  due  to  the 
large  displacement  and  the  considerable  amoutn 
of  concrete  spalling,  but  response  of  the  wall 
section  appeared  to  be  in  a  flexural  mode.  The 
affected  wall  section  was  approximately  4  ft. 
(1.22  m)  high  by  8  ft.  (2.44  m)  long.  Test  4 
was  conducted  at  a  range  of  2.7  ft.  (0.82  m) 
from  the  end  wall  of  the  box  and  produced 
catastrophic  damage  to  the  end  wall ,  which  was 
completely  blown  away  and  into  the  interior  of 
the  structure.  Test  5  was  also  at  a  range  of 
2.7  ft.  (0.82  m)  but  was  located  between  the 
midlength  and  the  end  wall  of  the  structure . 
This  explosion  also  produced  catastrophic 
damage,  and  a  large  portion  of  the  wall  was 
destroyed,  and  the  reinforcing  mat  was  ruptured 
and  drastically  displaced.  Tests  3  and  5 
bracket  the  charge  range  to  produce  breaching  of 
this  structure  wall  and  should  lie  between  2.7 
and  4  ft.  (0.82  and  1.22m). 

Structure  3D:  Structural  damage  to  Structure  3D 
was  not  visible  until  the  completion  of  Test  6, 
located  at  a  4  ft.  (1.22  m)  standoff  distance. 
(Tests  3  through  5  were  attenuation  tests  on  the 
structure  end  wall) .  Test  6  produced  minor 
longitudinal  cracks  on  the  structure  wall.  The 
explotion  effects  from  Test  7  at  a  range  of  2.7 
ft.  (0.82  m)  were  sufficient  to  produce  moderate 
cracking  of  the  wall,  roof  slab,  and  floor  slab. 
Vertical  cracks  on  the  wall  continued  as 
transverse  cracks  across  the  roof  and  floor,  and 
up  and  down  the  opposite  wall,  indicating  that 
the  entire  structure  responded  as  a  large  box- 
beam.  When  the  charge  was  moved  in  to  a  2  ft, 
(0.61  m)  ragne,  the  structure  was  breached.  A 
gaping  hole  was  blown  in  the  side  of  the  wall, 
and  the  wall  section  was  displaced  inward  to  the 
opposite  wall.  Response  of  the  structure  wall 
during  this  explosive  loading  appeared  to  be  in 
a  shear  mode.  The  block  of  wall  blown  in  was 
nearly  intact,  Indicating  that  very  little 
flexural  response  occurred.  Tho  shearing  mode 
of  response  appeared  to  be  more  typical  of  a 
direct  shear  rather  than  a  diagonal  shear. 

The  observed  behavior  of  the  test 
structures,  and  information  provided  in  the 
literature  Indicate  that  one  should  anticipate 
Important  differences  in  structural  response 
between  the  simulated  nuclear  and  localized 
conventional  loads.  Localized  effects  will  tend 
to  cause  localized  damage  while  the  simulated 
nuclear  loads  will  tend  to  affect  an  entire  slab 
or  even  the  whole  structure.  The  arising 
differences  will  have  to  be  highlighted  by  the 


numerical  approach,  and  careful  attention  needs 
to  be  paid  to  the  corresponding  differences  in 
the  structural  mechanisms  which  govern  the 
response . 

LOADING  FUNCTIONS  AND  STRUCTURAL  MECHANISMS 

The  analytical  approach  adopted  for  the 
present  study  is  based  on  a  SD0F  approximation 
for  the  shallow-buried  reinforced  concrete  box- 
type  structures  that  were  studied  by  several 
investigators,  as  discussed  previously  here. 
This  basic  approximation  is  well  known,  and  has 
been  discussed  and  used  extensively  for  the 
analyses  of  linear  problems,  one  such  example  is 
the  book  by  Biggs  [2],  There  are  well 
established  procedures  for  deriving  the  various 
parameters  that  would  be  required  for  a  SDOF 
formulation,  and  these  will  not  be  repeated 
here.  However,  when  the  system  under 
consideration  is  known  to  behave  in  the 
nonlinear  dynamic  domain  several  modifications 
have  to  be  introduced  into  the  parameter 
definitions .  The  background  for  such  models  was 
provided  in  previous  publications  by  Beck  et. 
al .  [1],  Kiger  et.  al.  [10],  Kiger  and  Painter 
[11],  Krauthammer  [12,  and  14],  Krauthammer  and 
Parikh  [13],  and  Windham  and  Curtis  [25].  Wolf 
[27]  provided  extensive  discussions  on  the 
incorporation  of  scil-structure  interaction  into 
various  analytical  procedures  including  some 
nonlinear  aspects  of  behavior,  and  that 
information  can  be  used  to  guide  the  development 
of  the  proposed  approach.  The  parameters  that 
need  to  be  considered  for  the  analysis  consist 
of  the  applied  load  function,  the  structural 
resistance  in  the  flexural  domain,  the  slab 
shear  resistance,  damping,  soil - structure 
interaction  effects,  and  the  mass.  These 
parameters  will  be  defined  and  formulated  to 
comply  with  the  system  behavior,  as  presented 
previously  here. 

The  SDOF  approach  as  applied  for  pretest 
predictions  was  described  in  [12],  where  the 
resistance  function  for  reinforced  concrete 
slabs,  and  a  discussion  of  failure  criteria  were 
presented.  As  mentioned  in  [12],  one  can  find  an 
excellent  discussion  on  the  topic  of  load- 
deflection  relationships  for  reinforced  concrete 
slabs  in  the  book  by  Park  and  Gamble  [19],  and 
the  current  approach  is  a  combined  and  modified 
version  of  the  methods  in  [12-14,17,  and  19]. 

Loading  Functions 

One  of  the  most  important  parameters  that 
affects  the  structural  behavior  is  the  loading 
function.  Such  functions  are  provided  as  forcc- 
,  or  pressure-time  histories,  and  they  are 
applied  to  the  model  structure.  There  is  a 
distinct  difference  between  load  functions  that 
could  bo  associated  with  a  nuclear  environment 
and  their  counterparts  corresponding  to  a 
conventional  detonation.  Those  differences  can 
be  well  defined  based  on  available  information 
on  tho  subject  [2,9,  and  20],  In  general,  a 
simulated  nuclear  detonation  will  produce  a 
pressure  pulse  characterized  by  a  steep  rise,  a 
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peak  pressure  Pe,  and  a  long  exponential  decay. 
A  conventional  detonation  will  produce  a  pulse 
of  a  similar  shape,  but  the  duration  is 
significantly  shorter  than  that  of  the  nuclear 
load  [3, 4,5, 23, and  24],  Another  significant 
difference  between  these  loads  is  the  issue  of 
spatial  distribution.  While  a  nuclear  load  can 
be  simulated  by  a  uniformly  distributed 
pressure- time  histccy  the  conventional 
detonation  produces  a  pressure  pulse  that  is 
rather  localized  and  therefore  it  has  to  be 
represented  by  a  function  of  time  and 
geometrical  space.  This  fundamental  difference 
between  the  two  loading  cases  Is  known  to  affect 
the  structural  response,  and  the  proposed 
"numerical  gauge"  should  be  sufficiently 
sensitive  In  order  to  highlight  these 
differences. 

Previous  studies  [1,2,9,  and  12]  have 
demonstrated  that  one  can  employ  a  uniformly 
distributed  pressure-time  history  related  to  the 
simulated  nuclear  environment  for  the  analysis 
of  hardened  facilities.  In  order  to  employ  a 
similar  technique  for  the  conventional 
explosives  domain  one  needs  to  introduce  several 
changes  in  the  loading  function.  First,  one  can 
employ  any  of  the  models  proposed  in  the 
literature,  as  mentioned  above,  for  the 
simulation  of  the  load,  however,  the  differences 
between  those  methods  will  not  be  discussed 
here.  Regarding  the  load  applications  to  the 
"numerical  gauge" ,  the  spatial  distribution  must 
be  incorporated  into  the  time  history  since  the 
approach  is  based  on  the  SDOF  procedure  in  which 
only  one  geometrical  space  coordinate  is 
available.  An  averaging  process  must  be 

performed  in  order  to  obtain  from  the  localized 
pressure  pulse  an  equivalent  uniformly 
distributed  pressure-time  history.  This  process 
can  be  performed  in  several  possible  ways,  and 
here  only  two  of  these  possibilities  will  be 
presented. 

The  first  approach  is  to  consider  a 
vertical  strip  of  unit  width  and  of  length  L, 
where  L  is  the  height  of  the  loaded  wall,  as 
shown  in  Figure  1.  the  strip  is  divided  into  N 
equal  segments  each  having  an  area  Aa  .  The 
distance  from  the  center  of  the  detonation  to 
the  center  of  each  segment  is  computed  as  RA , 
and  one  can  compute  the  time  of  arrival,  tA ,  of 
the  pressure  pulse  and  the  corresponding  normal 
peak  pressure  PQl  based  on  an  acceptable  model 
for  pressure  vs.  range,  and  the  angle  between 
the  radius  vector  and  the  normal  to  the  surface. 
One  can  employ  the  existing  models  for 
describing  the  pressure- time  histories  at  the 
center  of  each  segment,  and  then  for  each  time 
step  to  perform  the  following  operation: 

N 

5! 

1-1  A, Pj ( t) 

p(t)  -  -  (1) 

M 


The  result  is  a  pressure-time  history  that 
incorporates  different  times  of  arrival,  and  the 
spatial  pressure  distribution.  The  approach  can 
be  further  modified  by  applying  it  to  a  general 
rectangular  area  rather  than  a  strip,  and  the 
area  could  have  dimensions  from  L  by  L,  to  L  by 
2L,  or  according  to  the  procedure  proposed  in 
[11].  In  this  case,  the  averaging  will  be 
performed  in  two  dimensions,  and  Eq .  (1)  can  be 
easily  modified  accordingly. 

The  other  approach  is  based  on  the 
assumption  that  the  spherical  detonation  front 
will  create  a  circular  pattern  on  the  vertical 
wall  when  the  wall  plane  is  normal  to  the 
radius.  For  this  case  Eq.  (1)  can  be  modified 
further  so  that  the  Ai  are  the  areas  of  N 
concentric  rings ,  and  R1  is  the  distance  from 
the  center  of  detonation  to  the  centerline  of 
each  ring,  as  shown  in  Figure  1.  In  the  present 
study  both  the  strip  and  circular  averaging 
methods  were  employed,  and  two  of  the  pressure - 
time  histories  for  circular  averaging  are  shown 
in  Figure  2. 
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Fig.  1  -  Pressure  Averaging  techniques 


Flexural  Resistance  for  Slabs 

A  typical  resistance  curve  for  a  fixed 
reinforced  concrete  slob  has  four  characteristic 
points,  ns  shown  in  Figure  3.  First,  these 
points  will  be  defined,  arid  then  various  assump¬ 
tions  will  he  pvriiuntod  concerning  the  behavior 
between  these  points.  Point  A  corresponds  to  the 
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Fig.  2  -  Pressure-time  histories 


initial  unloaded  condition  and  zero  central 
deflection.  Peak  resistance  is  represented  by 
point  B  and  one  may  employ  the  formulations  as 
proposed  by  Park  [17]  ,  and  Park  and  Gamble  [19] 
to  compute  it.  A  simplified  formulation  that 
also  accounts  for  externally  applied  in-plane 
compressive  forces  was  proposed  in  the 
literature  [12,  and  14]  and  can  be  employed  for 
computing  the  load  carrying  capacity  at  point  B 
of  the  proposed  model.  Here,  that  approach  was 
further  modified,  as  follows.  (The  original 
formulation  was  presented  in  English  units ,  and 
therefore,  the  results  may  be  converted  to  SI 
units  if  required.) 


along  the  x  and  y  directions,  respectively;  d2x, 
d2y  -  distance  from  slab  compressive  face  to  the 
compressive  reinforcement  along  the  x  and  y 
directions,  respectively;  and  Nx  and  ■»  thrust 
per  unit  length  in  the  x  and  y  directions, 
respectively. 

A  significant  modification  to  the  present 
model  is  obtained  by  considering  plasticity 
effects  for  the  ultimate  resistance  of  uniformly 
loaded  rectangular  slabs  with  all  edges 
restrained,  as  discussed  in  References  [17,  and 
19]  .  If  it  is  assumed  that  the  slab  has  equal 
top  and  bottom  reinforcement  ratios  then  it  can 
be  shown  that: 
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in  which  w  -  uniformly  distributed  load  on  the 
slob;  Lx ,  by  -  short  and  long  dimensions  of  a 
rectangular  slab,  respectively;  px  -  parameters 
depends  on  the  concrete  compressive  strength  and 
varies  linearly  between  0,85  for  i'g  s  4000  psi 
to  0,65  for  1  ’c  i  8000  psi;  f'0  -  utilaxiaj. 
compressive  strength  of  concrete;  h  -  slab  total 
thickness;  Fy,  F  -  forces  per  unit  length  in 
steel  bars  along  the  x  and  y  directions, 
respectively;  d|jP  dly  -  slab  effective  depth 


+  2Fy  0*1,  -  d2y)  +  2FX  [(-)(dlx  -  d2x)]  + 


+  K— )  Nx  (dlx  -  -)  +  Ny  (d, 
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Also, 

12  h  A 

< -  +  — >  [0.85  <--—>] 

2t  hE0  LS  2  4 

c’  **  c  +  —  “  - — — — — - 
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S  hE„  LS 

(4) 

in  which  t  is  the  outward  displacement  of  the 
slab  boundary,  t’x  and  c  y  represent  the 
shortening  of  the  slab  in  the  x  and  y  directions 
respectively  including  elastic,  creep,  and 
shrinkage  effects,  and  can  be  computed  from  the 
expression,  as  provided  in  [19].  Ec  is  the 
elastic  modulus  for  concrete,  S  is  the  amount  of 
lateral  re-traint  provided  by  the  support  and 
backfill  (Ec  and  S  are  provided  in  units  of 
stress) ,  A  is  the  amount  of  central  deflection 
for  the  slab,  and  p  is  a  fraction  representing 
the  location  of  a  yield  line  with  respect  to  the 
slab  dimension  L  (i.e.,  a  hinge  at  the  center 
provides  -  0.5,  etc.),  Eq.  (5)  can  be 

employed  for  the  x  and  y  directions  by 
introducing  the  corresponding  values  for  the 
various  parameters .  When  the  values  of  c ’  and 
c'y  are  derived  from  Eq.  (4)  they  can  be 
introduced  into  Eq.  (3)  from  which  one  obtains 
the  peak  resistance,  wBlx.  The  resistance 
function  is  then  computed  as  discussed  in  [12, 
and  14] ,  and  briefly  summarized  later  herein. 

The  difference  in  the  structural  response 
between  the  simulated  nuclear  and  the  localized 
loads  has  to  be  reflected  in  this  mechanism. 
All  the  slabs  under  consideration  had  a  length 
to  width  ratio  of  4:1  which  implies  that  the 


behavior  under  uniformly  distributed  loads  tends 
to  approach  that  of  one-way  slabs  [19]. 
However,  when  the  loads  are  localized  the 
behavior  should  be  in  the  two-way  slab  range. 
The  adjustement  is  performed  through  the  ratio 
L  /Lx  which  appears  in  Eqs.  (2,  and  3).  For  the 
nuclear  domain  that  ratio  should  assume  the 
actual  length  of  width  ratio  for  the  particular 
slab  (4  in  the  present  case) ,  while  in  the 
conventional  domain  it  is  quite  smaller 
reflecting  the  localized  effects.  Inforamtion 
presented  in  [8]  may  suggest  that  the  ratio 
L  /L  can  vary  between  1  to  2,  or  as  suggested 
in  [11]  that  ratio  can  be  defined  by  the 
anticipated  pressure  distribution  over  the  slab. 

Point  C  in  Figure  3  represents  the 
transition  into  the  tensile  membrane  region.  One 
may  compute  the  tensile  membrane  resistance  by 
employing  formulations  that  were  proposed  by 
Park  and  Gamble  [19],  or  a  more  generalized 
formulation  [12]  that  may  describe  the  slab 
resistance  just  before,  during,  and  after  the 
transition  into  the  tensile  region,  as  follows. 

8(M„  +  TA) 

j  n  /  c  \ 


in  which  w’  -  uniformly  distributed  load  on 
membrane  (force  per  unit  length);  Mn  -  bending 
moment  in  the  slab  central  region;  T  - 
reinforcement  tensile  force;  A  -  central 
deflection;  and  L  -  membrane  span  length. 

The  central  deflection  for  points  B  and  C  can  be 
assummed  as  follows:  for  point  B,  0.5h,  and  for 
point  C,  2h.  The  resistance  curve  segments 
between  these  characteristic  points  are  defined 
next,  as  illustrated  in  Figure  3. 


CENTRAL  DEFLECTION 


Fig.  3  -  Load-deflection  relationship 
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Segment  AB:  Four  conditions  are  known  for 
segment  AB  of  the  curve  that  Include  the  slope 
(Kn)  where  K0  Is  the  Initial  stiffness  of  the 
slab  and  can  be  approximatd  as  discussed  in 
(2,11,12,  and  14],  and  value  (0)  at  A,  and  the 
slope  (0)  and  value  (wntJ()  at  B.  A  second  order 
polynomial  which  has  the  following  form  can  be 
used  to  satisfy  these  conditions: 


4W««,  ,  4w»«* 

V  -  (  -  -  )  A2  +  (  -  )  A 


(6) 


where  w  is  the  value  of  w  obtained  from  Eqs. 
(2,  or  3). 

Another  possibility  is  to  employ  a  third 
order  polynomial  which  satisfies  the  same 
conditions,  as  discussed  in  [12]. 

Segment  BC:  The  decay  in  structural 
resistance  beyond  the  peak  at  B  was  previously 
formulated  in  the  literature  (17,  and  19]  and 
such  models  may  be  employed  for  analysis.  Here, 
however,  it  is  assumed  that  the  behavior  between 
B  and  C  is  linear  (which  is  reasonably  close  to 
experimental  observations,  and  which  simplifies 
the  numerical  procedures) .  Point  C  is  defined  by 
the  straight  line  CD,  and  a  central  deflection 
at  C  which  is  assumed  to  be  2h. 


Segment  CD:  A  straight  line  which  is 
defined  by  Eq.  (2)  . 

Externally  Applied  Thrust 

The  peak  structural  resistance  in  the 
compression  membrane  mode  can  be  enhanced  if 
external  in-plane  compressive  forces  are  applied 
to  the  slab,  as  discussed  in  [12].  For  the  box- 
type  structures  under  consideration  those  forces 
vary  with  time  since  they  are  generated  by  the 
horizontal  component  of  the  pressure  pulse  that 
propagates  vertically  through  the  soil.  In  the 
procedure  adopted  here  from  [14] ,  the  vertical 
pressure  pulse  in  the  soil  is  traced  at  each 
time  step,  the  load  on  the  vertical  wall  is 
computed,  and  then  one  computes  the  reactions  in 
the  roof  and  floor  slabs  that  correspond  to  the 
applied  load.  These  reactions  are  the  externally 
applied  compressive  forces  that  enhance  the  peak 
structural  resistance,  and  are  introduced  into 
Eqs.  (2,  or  3)  as  Nx  and  ,  respectively,  in 

the  slabs.  In  the  nuclear  domain,  the 
horizontal  stresses  which  are  generated  by  the 
propagating  pressure  pulse  in  the  backfill  can 
be  computed  as  a  ratio  of  the  vertical  stress, 
That  ratio  was  estimated  to  be  about  1.0  for 
clay  while  about  0.5  for  sand  [9,25,  and  26]  and 
from  the  same  references  one  can  obtain  values 
for  the  seismic  wave  velocity  in  the  backfill 
materials  that  can  be  employed  for  the 
determination  of  the  loading  condition  on  the 
vertical  walls.  This  procedure  represents  one 
aspect  of  soil-structure  interaction  and  its 
effect  on  structural  behavior. 

Under  localized  effects  the  contribution  of 
the  in-place  forces  is  not  ns  direct  ns  in  the 


nuclear  domain  since  the  pressure  will  reach  the 
center  of  the  loaded  slab  earlier  than  the 
perpendicular  slabs.  That  time  delay  needs  to 
be  reflected  in  the  structural  formulation  as  a 
function  of  range  and  seismic  velocity.  Since 
the  attenuation  of  pressures  is  quite 
significant  that  influence  will  be  considerably 
smaller  than  in  the  nuclear  domain,  and  the 
values  of  Nx  and  Ny  will  be  affected 
considerably  depending  on  the  range  from  the 
detonation. 

Dynamic  Shear  Resistance 

Shear  resistance  in  slabs  was  discussed  by 
Park  and  Gamble  [19],  but  the  issues  of  direct 
shear  under  dynamic  effects  were  not  considered. 
The  type  of  shear  failures  that  was  observed  in 
the  simulated  nuclear  tests  [9,  and  22] 
resembled  interface  shear  transfer  in  flexural 
members  with  very  small  shear  span  to  depth 
ratios.  An  excellent  discussion  of  interface 
shear  transfer  was  provided  by  Park  and  Paulay 
[18],  and  it  can  be  supplemented  with  additional 
information  on  shear  strength  in  reinforced 
concrete  structures  from  more  recent  publi¬ 
cations,  as  discussed  in  [14].  The  present 
model  is  based  on  the  developments  reported  in 
[14],  and  is  briefly  presented  next. 

The  information  that  is  available  for 
interface  shear  transfer  in  members  having  well 
anchored  main  reinforcement  without  axial  (in- 
plane)  forces,  and  a  shear  span  to  depth  ratio 
less  than  about  0.5  can  be  employed  to  form  the 
relationship  between  shear  stress  to  shear  slip 
as  illustrated  in  Figure  4.  The  various 
straight  line  segments  in  that  model  are  defined 
as  follows . 

Segment  OA:  the  response  is  elastic,  and  the 
slope ,  K# ,  of  the  curve  is  defined  by  the  shear 
resistance,  r>t  for  a  slip  of  4  x  10'3  in.  (0.1 
mm).  That  resistance  is  given  by  the  expression: 

r,  -  165  +  0.157  f*e  (7) 

here  both  re  and  f'c  are  in  psi.  The  initial 
response  should  be  taker,  as  elastic  to  not 
greater  than  rm/2. 

Segment  AB:  the  slope  of  the  curve  decreases 

continuously  with  increasing  displacements  until 
a  maximum  strength,  rm,  is  reached  at  a  slip  of 
12  x  10  3  in.  (0.3  mm).  The  maximum  strength, 
rm,  is  given  by  the  expression 

-  8  J  £'c  +  °-8  Pvt  fy  S  °'35  f’c  (8) 

whore  rm,  f \ ,  and  f  are  in  psi,  pvt  is  the 
ratio  of  total  reinforcement  area  to  area  of 
plane  which  it  crosses,  and  f  is  the  yield 
strength  of  reinforcement  crossing  the  piane. 

Segment  BC:  the  shear  capacity  remains  constant 
with  increasing  slips.  C  corresponds  to  a  slip 
of  24  x  10  3  in.  (0,6  mm),  ns  noted  in  the 
discussion  for  Segment  AB, 
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Fig.  4  -  Dynamic  shear  resistance  (after  [14]) 


Segment  CD:  the  slope  of  the  curve  is  negative, 
constant,  and  independent  of  the  amount  of 
reinforcement  crossing  the  shear  plane.  The 
•slope  (in  units  of  psl/in.)  is  given  by  the 
expression: 

Ku  -  2,000  +  0.75  f'o  (9) 

Point  D  is  located  at  a  limiting  shear  strength 
rt,  as  defined  later. 

Segment _ E£l  the  capacity  remains  essentially 

constant  until  failure  occurs  at  a  slip  of 
A«m«x-  For  a  well-anchored  bar  the  slip  for 
failure  is  given  by  the  expression 

e*  -  1 

A»m«x  “  c  ( - )  (5-n  inches  (10) 

120 

where 

900 

x  •  -  .  c  -  2.0; 

2.86  y  f;/db 

db  -  bar  diameter  (in  Inches)  (11) 

and  the  limiting  shear  capacity,  rL,  is  given  by 


0.85  A.b  f-, 

tl - (psi)  (12) 


where:  A>b  -  area  of  bottom  reinforcement;  f'  - 
tensile  strength  of  bottom  reinforcement;  and 
Ae  -  cross-sectional  area. 

This  model  which  represents  a  shear  stress - 
shear  slip  relationship  is  based  on  data  from 
static  tests,  and  without  the  effects  of 
compressive  stresses  on  the  concrete  shear 
strength.  As  a  result  it  was  required  to  modify 
the  model,  and  to  include  such  effects,  as 
discussed  in  [14].  Another  change  was 
introduced  into  the  original  model  for  shear  in 
order  to  account  for  reversal  loads,  also 
presented  in  [14] .  The  shear  stress-shear  slip 
relationship  was  defined  as  an  envelope  for 
positive  and  negative  displacements  (since  the 
slabs  had  the  same  amount  of  reinforcement  for 
tension  and  compression,  no  modification  of  the 
relationship  was  required  for  rebound 
displacements) ,  and  the  following  simple 
numerical  scheme  was  introduced  to  allow  for 
displacement  reversals.  As  the  shear  force  loads 
the  slab  support  the  stress-displacement 
relationship  follows  the  envelope  in  the  corres¬ 
ponding  direction,  and  upon  unloading  it  changes 
to  motion  along  the  initial  slope  until  a  aero 
stress  is  obtained,  At  that  point  the 
relationship  changes  again  to  a  straight  line 
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which  will  lead  it  to  a  point  on  the  envelop 
that  is  equivalent  to  the  previous  point  on  the 
envelope,  but  represents  displacements  in  the 
opposite  direction.  If  the  slab  continues  to 
displace  in  that  direction  one  follows  the  shear 
envelope  until  a  reversal  occurs  which  follows  a 
similar  pattern  as  before.  This  pattern  can  be 
followed  until  the  system  returns  to  rest,  or 
the  shear  displacement  reaches  A  that 
Indicates  a  shear  failure. 

In  this  study  it  was  assumed  that  the 
mechanisms  for  direct  shear  resistance  are  the 
same  in  both  the  nuclear  and  conventional 
domains  of  response,  while  the  only  difference 
will  be  introduced  due  to  the  definition  of  the 
"acting  slab".  In  the  nulcear  domain  the  entire 
slab  is  effected,  and  the  direct  shear  failure 
appears  at  the  slab-wall  connection.  Under 
localized  loads  the  affected  zone  will  be 
smaller  than  the  total  slab ,  as  previously 
discussed  herein,  and  the  failure  will  occur 
along  those  boundaries . 

Effective  Mass 

In  the  description  of  the  structural 
behavior  and  the  corresponding  discussion  it  was 
shown  that  the  shear  and  flexural  responses 
seemed  to  be  rather  independent.  In  order  to 
validate  this  observation  it  was  assumed  that 
the  present  analysis  would  be  conducted  on  two 
SDOF  systems  one  for  flexural-  and  the  other  for 
shear-type  behavior.  One  of  the  important  SDOF 
parameters  is  the  system  mass,  and  one  can 
employ  the  well  known  procedures  of  approximate 
dynamic  analysis  for  such  purpose,  as  discussed 
in  [14].  This  information  was  employed  in  the 
present  flexural  analysis  since  the  aspect  ratio 
for  the  roof  slabs  (i.e.  length  to  width  ratio) 
was  4  in  all  the  cases  under  simulated  nuclear 
effects,  and  according  to  present  knowledge  of 
slab  behavior  these  slabs  should  behave  as  one¬ 
way  systems  [19].  There  were  two  slab 
thicknesses  that  were  considered,  the  first  type 
was  5.6  inches  (142  ram),  and  the  second  was  13,5 
inches  (343  mm)  .  In  the  flexural  analysis  It 
was  assumed  that  the  thinner  slabs  would  exhibit 
a  more  ductile  behavior,  hence  the  mass  factor 
0.33  was  chosen,  while  the  thicker  slabs  should 
be  more  rigid  and  the  mass  factor  0.5  was 
employed.  Furthermore,  since  the  soil  is  pushed 
by  the  applied  pressure  to  load  the  structure, 
and  since  there  was  sufficient  evidence  [9  and 
10]  to  support  the  assumption  that  only  part  of 
the  soil  mass  partlcipaed  in  the  flexural 
motions  of  the  systems  it  is  required  to  assign 
a  mass  factor  to  the  soil  overburden.  Also,  it 
is  known  from  previous  studies  on  dynamic  soil 
arching  [10]  that  stiff  structures  attract 
higher  loads  than  flexible  structures,  and 
therefore  it  was  reasonable  to  assume  that  the 
same  mass  factors  employed  for  the  determination 
of  slab  effective  mass  con  be  used  for  the  soil 
mass  (i.e,  thin  slabs:  0.33,  and  thick  slabs: 
0.5).  For  the  shear  analyses  it  was  known  that 
failure  occurred  early  and  the  entire  roof  slab 
was  pushed  into  the  box,  followed  by  the  soil 
overburdnn.  Thin  suggested  to  employ  a  mass 


factor  of  1.0  for  the  slab  and  soil  in  the  SDOF 
for  shear. 

When  the  behavior  of  slabs  under  localized 
effects  is  of  interest  one  needs  to  re-evaluate 
these  mass  factors  based  on  an  assumed 
deformation  pattern,  similarly  to  the  approach 
proposed  by  Biggs  [2],  and  Kiger  and  Painter 

till: 

K„  -  [JW2  (x,y)dA]/Mt  (13) 

A 

in  which  -  mass  factor,  m  -  mass  per  unit 
area  of  slab,  ^(x,y)  —  deformed  shape  of  slab, 
and  Mt  -  total  slab  mass. 

For  fixed  edged  slabs  having  a  square  shape 
Km  varies  between  0.31  in  the  elastic-plastic 
range  and  0.33  in  the  plastic  range.  If  the 
slab  length  to  width  ratio  is  2  then  KH  varied 
between  0.41  for  the  elastic-plastic  range  and 
0.25  for  the  plastic  range. 

Regarding  the  mass  factor  for  the  soil  under 
conventional  detonation  effects  one  can  employ 
the  mass  of  a  cone  having  a  base  defined  by  the 
effective  slab  and  the  height  equals  the  range 
from  the  center  of  slab  to  the  charge ,  as  shown 
in  Figure  5.  The  resulting  mass  factor  is  0.33 
indicating  that  only  on  third  of  the  total  soil 
backfill,  corresponding  to  the  effective  slab, 
will  participate  in  the  motion.  This  behavior 
is  unlike  the  uniform  assumptions  for  the  slab 
under  nuclear  effects. 


Fig,  5  -  Effective  mass  simulation 
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BiaaiM-Batia 

Typical  damping  ratios,  5,  for  reinforced 
concrete  structures  are  between  5%  to  10% ,  and 
such  factors  can  be  incorporated  into  SDOF 
analyses .  However ,  one  should  account  for 
radiation  damping  due  to  dynamic  soil-structure 
interaction,  as  discussed  in  [14] ,  and  it  was 
decided  for  the  analysis  of  the  structures  under 
simulated  nuclear  effects  to  use  ?  values 
between  20%  to  40%.  In  the  present  study  a 
value  of  20%  was  used  for  the  flexural  analysis 
(30%  for  the  thick  slab  where  more  soil- 
structure  contact  was  anticipated) ,  and  5%  for 
the  shear  analysis  since  radiation  damping  was 
already  included  in  the  flexural  analysis.  This 
combination  of  damping  ratios  was  chosen  since 
it  was  compatible  with  existing  information  on 
the  behavior  of  these,  and  other  similar 
systems.  Although  one  may  expect  somewhat 
higher  SSI  damping  under  localized  effects  it  is 
not  expected  that  such  values  would  exceed  40%, 
and  therefore  it  was  decided  to  study  the  < 
damping  effects  in  future  research. 


NUMERICAL  PROCEDURE 

The  behavior  and  parameters  as  described  in 
the  preceeding  sections  were  combined  to  perform 
the  evaluation  of  shallow-buried  reinforced 
concrete  structures  similarly  to  the  procedure 
in  [14],  and  the  present  computational  scheme  is 
illustrated  in  Figure  6.  The  numerical 
integration  of  the  SDOF  equations  of  motion  was 
performed  by  the  Newmark  fi  method,  as  discussed 
in  [12,  and  14],  for  two  SDOF  systems. 

The  present  approach  consists  of  two  SDOF 
systems  one  for  evaluating  the  flexural 
response,  considering  the  response  of  a  section 
located  at  the  center  of  the  slab  while  the 
second  is  employed  for  monitoring  the  shear 
response  at  the  supports  as  shown  in  Figure  7 . 
For  each  time  step  the  motions  of  the  slab 
center  are  computed,  as  discussed  in  [14],  from 
which  it  is  possible  to  derive  a  distribution  of 
inertia  forces  on  the  slab,  and  then  combine 
such  forces  with  the  applied  load  for  obtaining 
a  shear  force  at  the  supports .  That  shear  force 


Fig.  G  -  Numerical  procedure 
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Seven  cases  under  a  simulated  nuclear  load 
have  been  analyzed  by  the  present  approach  [14], 
and  the  results  are  presented  in  Table  1.  The 
first  six  cases  have  been  analyzed  previously 
based  on  nominal  design  dimensions  and  material 
properties,  as  discussed  In  [12],  and  the 
results  were,  on  average,  within  seven  percent 
from  the  experimental  data.  In  [14],  the  "as 
tested*  properties  were  used  together  with  the 
contributions  of  variable  in-plane  forces  In  the 
slab,  and  shear  stresses  at  the  supports.  The 
improvements  of  the  results,  as  reported  in  [14] 
compared  to  those  obtained  earlier  [12]  is 
clear,  as  shown  In  Table  1,  and  it  is  even 
possible  to  specify  accurately  the  time  at  which 
the  shear  failure  occured. 
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Fig.  7  -  SDOF  systems 


Is  used  to  drive  the  second  SDOF  system  which 
provides  the  shearing  motions  at  the  supports. 
The  slab  responses  at  the  center  and  at  the 
supports  is  compared  to  failure  criteria  which 
include  an  ultimate  tensile  strain  of 
reinforcing  bars,  a  critical  shear  slip  A  at 
the  supports,  and  also  a  central  deflection 
which  may  limit  the  serviceability  of  the 
structure.  In  all  cases  the  structural 
dimensions  and  material  properties  were  "as 
tested" ,  and  the  applied  loads  were  based  on 
blast  pressure  measurements  for  the  simulated 
nuclear  cases  [9,  and  22],  or  the  conventional 
detonations  [8]  .  For  the  blast  pressure  it  was 
found  in  [14]  that  the  best  results  were 
obtained  when  the  peak  pressure  was  a  simple 
average  of  all  the  peak  pressures  recorded  by 
the  blast  pressure  gauges  in  a  test,  and  the 
time  history  was  a  segmental  approximation  of 
one  of  the  records,  as  described  in  [12,  and 
14] ,  For  the  localized  effects  the  load  pulse 
was  based  on  the  averaging  process  which 
provided  an  equivalent  uniformly  distributed 
pressure  function,  as  previously  discussed 
herein,  and  the  information  provided  in  [8], 

The  present  highly  nonlinear  problems  were 
approximated  by  two  uncoupled  simpler  problems, 
each  represented  by  a  separate  SDOF  system, 
Under  such  conditions  it  was  possible  to  employ 
parameters  that  can  be  defined  as  equivalent 
mass,  damping,  nnd  structural  resistance  to  be 
driven  by  the  corresponding  load  functions  (i.e, 
an  equivalent  blast  pressure  pulse  for  the 
flexural  analysts,  nnd  the  resulting  support 
snear  force  for  the  shear  analysis). 


When  the  present  approach  for  computing  the 
structural  response  under  simulated  nuclear 
effects  was  employed  for  the  analysis  of  the 
structures  under  conventional  detonation 
effects  the  outcome  was  far  from  the  observed 
behavior,  as  reported  in  [8],  The  results 
Indicated  that  most  structures  exhibited  shear 
failures  or  large  flexural  deforamtions ,  unlike 
the  actual  structural  behavior.  When  these 
results  were  inspected  it  became  obvious  that 
one  needs  to  activate  different  behavioral 
parameters  In  the  analysis.  Also,  the  pressures 
were  assumed  to  be  uniformly  distributed 
similarly  to  a  nuclear  environment,  and  that 
caused  a  significant  overloading  of  the 
structures.  These  changes  were  implemented  in 
stages  for  observing  the  effects  of  such 
variations  on  the  results.  Soon  it  became  clear 
that  indeed  the  proposed  modifications  gradually 
improve  the  results.  For  example,  in  Table  2 
are  the  results  for  the  structures  under  the 
conventional  detonation  loads  when  first  the 
only  change  was  in  the  applied  load  using  the 
circular  averaging  procedure  (noted  by  column  ** 
in  Table  2),  as  previously  described  here,  and 
then  are  the  results  when  a  modified  resistance 
function  of  Eq.  (2),  damping  properties,  and 
thrust  effects  were  combined  with  the  modified 
load  (noted  by  column  ***  in  Table  2) .  The  new 
results  were  significantly  closer  to  the 
observed  behavior,  as  described  in  [8], 
However,  since  not  all  permanent  deflections 
were  reported  in  [8],  it  was  impossible  to 
compute  the  actual  difference  between  the 
present  analytical  results  and  the  experimental 
data  for  all  cases.  An  important  observation 
relates  to  the  time  for  shear  failure  which  is 
usually  less  than  0.1ms  for  the  conventional 
cases,  as  compared  to  slightly  over  1ms  for  the 
nuclear  cases.  Another  important  observation 
was  made  based  on  the  analysis  of  the  shear 
failures  (cases  3C5  and  3D8) ,  and  it  is  related 
to  the  nature  of  these  failures.  The  analyses 
were  performed  several  times  with  time  steps 
between  1,0ms  to  0,001ms,  and  it  was  noticed 
that  for  structure  3C5  the  failure  occured  in 
the  time  between  0,05ms  to  0.1ms,  while  for 
structure  3D8  the  failure  always  occured  within 
the  first  computational  time  step,  Based  on 
these  results  one  can  conclude  that  structure 


189 


3C5  exhibited  a  dynamic  direct  shear  failure 
which  is  a  form  of  structural  response  while 
structure  3D8  failed  as  a  result  of  a  wave 
propagation  phenomenon.  The  difference  in  the 
observed  shear  failure  response  was  caused  by 
the  closer  detonation  for  case  3D8,  as  compared 
to  case  3C5  (i.e.  a  scaled  range  of  0.725  for 
3D8,  and  0.98  for  3C5). 

DISCUSSION  AND  CONCLUSIONS, 

Similar  structures  tend  to  exhibit 
different  behaviors  depending  on  the  nature  of 
loading  conditions  to  which  they  are  subjected. 
These  conditions  can  activate  different  soil- 
structure  interaction  and  structural  resistance 
mechanisms  that  will  be  responsible  for  the 
observed  behavioral  differences .  When  the 
analyst  employs  a  multi-purpose  numerical 
approach,  such  as  a  powerful  finite  element  or 
finite  difference  code ,  the  computations  and 
interpretation  of  results  require  large 
resources  before  a  meaningful  conclusion  is 
reached.  This  is  primarily  due  to  the  fact  that 
such  codes  are  indeed  multi-purpose,  and  as  a 
result  they  cannot  be  easily  "tuned"  to  specific 
behavioral  ranges .  The  computation  procedure 
will  tend  to  "activate"  a  number  of  possible 
responses ,  and  only  after  some  time  the  dominant 
modes  of  behavior  will  govern.  Furthermore,  the 
difficult  issue  of  direct  shear  usually  will 
require  special  features  in  a  multi-purpose 
code,  otherwise  the  computation  will  not  be  able 
to  exhibit  such  effects . 

The  present  approach  is  an  example  of 
removing  many  possible  behavioral  modes  from  the 
analyses,  and  including  only  those  that  are 
known,  or  that  are  expected  to  dominate  the 
structural  response.  Furthermore,  the  present 
approach  is  such  that  different  types  of  input 
data  will  activate  different  components  of  the 
program,  and  as  a  result  one  achieves  an 
efficient  numerical  treatment  of  various 
structural  analyses.  The  components  to  be 
employed  for  each  computation  will  be  chosen  in 
an  objective  manner  by  the  computer  code 
following  the  behavioral  aspects  of  hardened 
systems  under  nuclear,  or  conventional 
detonation  effects,  as  previously  presented 
herein.  Hence,  this  is  a  simplified  "tuned" 
numerical  procedure  based  on  the  analytical  SDOF 
approach,  and  the  similarity  between  the  present 
approach  and  the  operational  principles  for 
choosing  an  experimental  gauge,  such  as  a  SDOF 
accelerometer,  were  the  reasons  behind  the 
definition  of  the  terra  "numerical  gauge".  The 
overall  approach  is  rather  simple,  one  creates  a 
"gauge"  that  is  tuned  automatically  by  the  code 
to  a  specific  expected  range  of  behavior,  and 
then  subjects  the  "gauge"  to  the  anticipated  (or 
known)  loading  conditions,  The  "gauge",  ns 
illustrated  In  Figure  8,  provides  data  on  the 
structural  behavior  Indicating,  quite 
accurately,  the  magnitude  of  significant 
behavioral  modes.  The  analyst  can  employ  such 
information  for  "tuning"  a  multi-purpose 
numerical  code  from  which  he  can  obtain  detailed 
information  for  the  entire  structure  on  motions, 


stresses,  cracking,  etc.  that  the  present 
approach  cannot  provide.  Also,  the  present 
approach  can  be  used  for  fast  and  inexpensive 
assessments  of  structures  during  the  design 
stage  in  order  to  verify  various  assumptions 
regarding  the  effects  of  design  parameters  on 
the  anticipated  response. 

The  information  and  examples  presented 
here  illustrate  how  such  a  numerical  approach 
can  be  adopted  and  modified  for  similar:  cases. 
Naturally,  the  analyst  may  wish  to  add  or  remove 
parts  of  the  "numerical  gauge"  for  tuning  the 
method  to  a  specific  behavioral  range.  Also,  it 
would  be  possible  to  employ  fundamental 
structural  analysis  capabilities  in  order  to 
generate  the  required  resistance  functions  from 
the  moment -curvature  relationships  that  can  be 
computed  for  a  given  cross-section.  Such  efforts 
are  currently  underway  at  the  University  of 
Minnesota. 


Fig.  8  -  Numerical  gauge  concept 
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TABLE  1 

Summary  of  Results  for  Simulated  Nuclear  Environment 


Test 
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Behavior  or 
Failure  Mode 

Measured 

Permenant 

Deflection 

A  (mm) 

Computed 

Permanent 

Deflection 

A2  (mm) 
from  [12] 

Computed 

Permanent 

Deflection 

Al  (mm) 
from  [14] 

Al/A 

A2/A 

.  1* 

Flexure 
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1.28 

1.53 

2* 

Shear  Failure 

Shear  Failure 

Shear  Failure 
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1.0 

1.0 

3* 

Flexure 
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0.81 
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Flexure 

304.8 
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0.98 
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5* 

Flexure 

78.4 

72.1 

81.3 

1.03 
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Shear  Failure 

Shear  Failure 
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1.0 

1.0 
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Flexure 
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* 
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Discussion 


Mr.  Cooper  (Defense  Nuclear  Agency):  Your 
system  seems  to  shortcut  and  look  at  the 
deficiency  of  a  single  degree-of-freedom  system 
In  having  to  identify  the  failure  mode  for  your 
analysis  to  work.  If  I  understand  you 
correctly,  you  are  saying  as  long  as  you  have 
modelled  the  elther-or  situation,  your  single 
degree-of-freedom  can  pick  up  either  the  flexure 
or  shear  type  of  failure. 

Mr.  Krauthammer:  Essentially,  the  system 
consists  of  having  the  dominant  failure 
mechanisms  Incorporated  in  it.  Once  the  load  la 
applied  the  system  will  lock  Into  the  dominant 
failure  mechanism  between  the  various  modes  that 
we  provided.  The  results  seem  to  Indicate  it 
indeed  detects  the  one  thet  causes  failure.  It 
provides  information  both  on  flexure,  shear,  and 
in-plane  effects.  It  reasonably  predicts  soil- 
structure  interaction  and  damping.  So,  I 
believe,  from  the  information  that  can  be 
provided  from  this  analysis,  one  could  have  a 
very  nice  global  picture  of  structural  behavior 
without  going  Into  details. 
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ACTIVE  ONE-OIHEHSIOHAL  PROTECTIVE  LAYERS 


Shlomo  Ginsburg 

Kansas  University  Transportation  Center 
Lawrence ,  Kansas 


This  paper  describes  numerical  analyses  of  one- dimensional  configurations 
consisting  of  high  explosive  charges  emedded  in  inert  protective  layers- 
Cmphasis  is  put  on  the  feasibility  of  employing  active  layers,  as  means  for 
achieving  protection  against  bust  and  other  loads-  The  behavior  of  active 

PROTECTION  SCHEMES  IS  DISCUSSED-  SEVERAL  PARAMETERS  ARE  STUDIED,  IN  ORDER 
TO  DETERMINE  FEASIBLE  AND  EFFECTIVE  ARRANGEMENTS  OF  UYERS-  ThE  ADVANTAGES 
OF  ACTIVE  PROTECTION  OVER  A  PASSIVE  ONE  IS  POINTED  OUT-  FURTHER  STUDIES  ARE 
RECOMMENDED- 


INTRODUCTION 

Host  "conventional"  protective  schemes  are 

BASED  ON  PASSIVE  LAYERS  [11;  I-E-,  THEY  CONSIST 
OF  INERT  UYERS  WHICH  SEDUCE  Tilt  EFFECTS  OF 
DONOR  SYSTEMS  To  AN  ACCEPTABLE  LEVEL-  The  MAIN 
DISADVANTAGES  OF  SUCH  PROTECTION  ARE;  (1) 
USUALLY,  THEY  ARE  EFFECTIVE  FOR  PROTECTION 
AGAINST  A  GIVEN  TYPE  OF  DONOR,  AND  IT  IS 
DIFFICULT  OR  IMPOSSIBLE  TO  ACCOUNT  FOR  OTHER 
DONORS,  (2)  THEY  OFTEN  FAIL  UNuER  MULTIPLE  LOADS 
FROM  SEVERAL  DONORS,  (3)  IT  IS  REUT1VELY  EASY 
TO  JEVELOP  NEW  DONORS  WHICH  RENDER  THE  PASSIVE 
PROTECTION  USELESS,  AND  W  PASSIVE  PROTECTION 
is  very  costly-  This  study  ochls  with  a 
different  concept,  that  of  active  PROTECTION- 
The  basic  idea  is  to  employ  nigh  explosive  (hE) 
CHARGES  EMBEDDED  IN  CONVENTIONAL  LAYERS,  F IG-  i 


(it  SHOULD  BE  NOTED  THAT,  THE  SENSORY  SYSTEM  IS 
NOT  DISCUSSED  IN  1HIS  PAPLk).  HS  SHALL  BE  SHOrN 
LATER,  ACTIVE  PROTECTION  CAN  OVERCOME  THt  MAJOR 
SHORTCOMINGS  OF  PASSIVE  ONES- 

In  this  study,  one-dimensional  uyers  are 

TREATED-  All  THE  CASES  ARE  BASED  ON  NUMERICAL 

analyses  121-  The  outcome  of  this  research  can 

BE  CONSIDERED  A  (PRELIMINARY)  FEASIBILITY  STUDY 
OF  THE  CONCEPT.  CACH  CASE  DESCRIBED  HERE 
CONSISTS  of  single  OR  MULT  1-LAYtRtJ  CUNF  1GURA- 
TUN,  SUBJECT tD  TO  A  TRIANGULA*  (P  ,  T  ) 

PRESSURE  PULSc  «HICH  REPRESENTS  THE  EFFECTS  OF  A 
donor  (mainly  blast).  Comparisons  jetv>len  the 
BEHAVIOR  OF  PASSIVE  AlJJ  ACTIVt  LAYERS  HAVING 
(virtually)  THE  SAME  DIMENSIONS  StRVE  FOP 
STUDYING  THE  CHARACTER  1  ST  I CS  OF  BOTH  PRuTECTIUh 
SCHEMtS- 


The  stress  history  at  the  structure's  right 

FACE  IS  SHOWN  IN  F IG-  4-  HERE,  COMPARISON 
BETWEEN  ACTIVE  AND  PASSIVE  CONFIGURATIONS  IS 
DISPLAYED-  IT  IS  OBVIOUS  THAT  THE  ACTIVE 
PROTECTION  REDUCES  THE  STRESS  AT  THE  FACE  UNDER 
CONSIDERATION  BETTER  THAN  A  PASSIVE  ONE* 
Alternatively,  by  employing  active  layers,  less 
MATERIAL  IS  REQUIRED  TC  ACHIEVE  THE  SAME  LEVEL 
OF  PROTECTION- 

When  the  peak  pressure  of  the  applied  load 
is  doubled,  the  active  protection  still 

DEMONSTRATES  THE  ABILITY  TO  REDUCE  THE  STRESSES 
BETTER  THAN  A  PASSIVE  CONFIGURATION,  FlG-  5. 

But,  in  this  case,  the  efficiency  of  the  single 

CHARGE  IS  REDUCED- 

In  ORDER  TO  MAINTAIN  THE  EFFICIENCY  OF  THE 
ACTIVE  PROTECTION  FOR  LARGER  DONOR  SYSTEMS,  IT 
IS  NECESSARY  TO  INCREASE  THE  AMOUNT  OF  HE.  It 
HAS  BEEN  FOUND  THAT,  BY  EMPLOYING  A  LARGER 
SINGLE'CHARGE  CONF IGURATIuN,  THE  PROTECTION  CAN 
BE  USED  EFFECTIVELY  FOR  LARGER  DONORS-  OF 
COURSE,  THERE  IS  AN  OPTIMAL  CHARGE  FOR  ANY  GIVEN 
(DESIGN)  DONOR,  AND  IT  IS  POSSIBLE  TO  ASSESS  THE 
BEHAVIOR  OF  THE  PROTECTIVE  STRUCTURE  FOR  DONORS 
WHICH  ARE  EITHER  LARGER  OR  SMALLER  THAN  THE 
DESIGN  DONOR-  A  BETTER  ALTERNATIVE  YET  IS  A 
MULTIPLE-CHARGE  CONFIGURATION,  DISCUSSED  IN  THE 
NEXT  SECTION- 


MULTIPLE  CHARGES 

Using  several  HE  charges,  instead  of  a 

SINGLE  ONE  IS  MOST  BENEFICIAL,  FOR  THE  FOLLOWING 
REASONS:  (1)  IN  ORDER  TO-  PROTECT  AGAINST  A  GIVEN 
DONOR,  IT  IS  (SOMETIMES)  POSSIBLE  TO  ACTIVATE 
ONE  OR  MORE,  BUT  NOT  ALL  CHARGES,  SO  THAT 
REPEATED  APPLIED  LOADS  CAN  BE  ACCOUNTED  FOR,  (2) 
IN  A  MULTIPLE-CHARGE  SYSTEM  ONE  HAS  A  SELECTION 
OF  MODES  WHICH  CAN  BE  EMPLOYED,  E-G-,  THE  MOST 
ADEQUATE  CHARGe(s)  FOR  THE  ACTUAL  DONOR  (WHICH 
MIGHT  DIFFER  FROM  THE  DESIGN  DONOR),  AND  (3)  BY 
ACTIVATING  THE  CHARGES  IN  A  CERTAIN  ORDER 
(LOCATION  AND  TIMING  CAN  BE  CONTROLLED,  TO  A 
CERTAIN  DEGREE),  A  MORE  FLEXIBLE  PROTECTION  IS 
ACHIEVED,  COVERING  DIFFERENT  DONORS  MORE 
EFFECTIVELY- 

Fig-  6  shows  the  early  stages  of  a  two- 
CHARGE  DETONATION.  THE  CASE  ILLUSTRATED  HERE 
CORRESPONDS  TO  THE  SAME  DONOR  AND  INERT  MATERIAL 
AS  THOSE  OF  THE  FIRST  CUNF IGURAT ION  (F 1GS • 

2,3,4,  AND  THE  CORRESPONDING  PLOTS  OF  FlG-  5)> 

IT  HAS  BEEN  DETERMINED  THAT,  THIS  ARRANGEMENT  IS 
MORE  EFFICIENT  THAN  THE  PASSIVE  SCHEME,  FOR  BOTH 
THE  FIRST  DONOR  TREATED,  AS  WELL  AS  THE  ONE  WITH 
A  DOUBLE  PEAK  PRESSURE- 


Figure  ’’l:  Stress  history  at  right  face- 


197 


Passive 


TIME 


Figure  7:  Stress  histories  for  two-charge  configurations-location  of  second  charge  varied- 


Fig-  7  shows  the  results  of  a  parametric 

STUDY,  WHERE  THE  LOCATION  OF  THE  SECOND  CHARGE, 
PLACED  FURTHER  AWAY  FROM  THE  DONOR  IS  VARIED- 
It  IS  OBVIOUS  THAT,  this  parameter  is 
SIGNIFICANT,  AND  COULD  BE  CHOSEN  SO  THAT  A  WIDER 
RANGE  OF  DONORS  CAN  BE  ANSWERED  FOR-  It  IS  ALSO 
INTERESTING  TO  NOTE  THAT,  FOR  THIS  CASE, 
COMBINING  THE  TWO  CHARGES  INTO  A  SINGLE  ONE, 
LOCATED  AT  THE  CENTER  OF  THE  INERT  MATERIAL, 
RESULTS  IN  AN  EFFICIENT  ARRANGEMENT  FOR  THE 
GIVEN  LOAD-  BUT,  FOR  A  WIDER  SPECTRUM  OF 
DONORS,  THIS  ALTERNATIVE  IS  LESS  EFFICIENT  THAN 
TWO"CHARGE  SCHEMES- 


CONCLUSION 

The  feasibility  study  presented  here  shows 

THAT,  THE  CONCEPT  UT  ACTIVE  PROTECTION  OFFERS 
MANY  ADVANTAGES  OVER  PASSIVE  CUNF 1GURATIONS  OF 
LAYERS-  THE  ACTIVE  PROTECTION  IS  OFTEN  MORE 
EFFECTIVE  THAN  THE  PASSIVE  UHE,  THUS,  ALLOWING 
SAVINGS  IN  SUE,  AND  REDUCTION  OF  COST-  Tile 
ACTIVE  PROTECTION  IS  CAPABLE  OF  REDUCING  THE 
EFFECTS  OF  VARIOUS  TYPES  OF  DONOR  SYSTEMS, 
INCLUDING  REPEATED  LOADS- 


In  order  to  implement  the  concept  of  active 

PROTECTION  FOR  REALISTIC  ENGINEERING  PROBLEMS, 

IT  IS  NECESSARY  TO  EXTEND  THE  STUDIES  DESCRIBED 
HERE  TO  TWO-DIMENSIONAL  AND  THREE-DIMENSIONAL 
GEOMETRIES-  ALSO,  IT  IS  IMPORTANT  TO  VERIFY  THE 
LATTER  BY  EXPERIMENTS- 
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Discussion 

Mr.  Haworth  (Rockwell  International)!  What 
criteria  did  you  use  to  size  the  relative 
magnitude  of  pressure  pulses?.  I  noticed  your 
protective  high  explosive  pulse  was  less  than 
the  original  pulse.  What  criteria  did  you  use 
to  select  that  ratio? 

Mr .  Glnsburg ;  Do  you  mean  the  amount  of  charge? 

Mr.  Haworth:  Yes.  How  did  you  select  your 
charge  ratio? 

Mr .  Glnsburg :  I  have  to  admit  at  first  I  took 
one  which  I  felt  was  right,  and  that  was  based 
on  some  previous  experience.  The  question  of 
the  amount  of  charge  and  how  to  distribute  the 
charges  within  a  configuration  is  important  and 
needs  further  study.  I  tested  a  configuration 
with  varying  amounts  of  high  explosives  to  see 
if  we  can  optimize,  and  there  is  certainly  an 
optimum  for  a  given  dollar.  There  is  an  optimum 
charge  within  a  given  configuration;  but,  the 
size  of  the  layers,  the  types  of  materials,  the 
materials  properties,  if  you  have  control  over 
them,  and  then  the  distribution  of  charges,  is  a 
function  of  the  weapon  system,  or  a  series  of 
weapons,  because  it  is  not  enough  to  design  for 
one.  You  may  want  to  Include  optional 
capabilities  for  repeated  loads  or  different 
types.  I  have  not  covered  that.  There  is  a 
tremendous  amount  of  work  that  still  needs  to  be 
done. 

Mr.  Krauthammer  (University  of  Minnesota):  The 
procedure  you  proposed  seems  interesting,  but 
there  are  some  questions  about  the  validity  of 
the  approach.  First,  to  get  a  meaningful 
reduction  in  the  peak  pressures,  a  significant 
amount  of  protective  explosion  must  be  placed 
between  the  weapon  system  and  the  structure. 
Since  you  will  use  a  more-or— less  similar  amount 
of  explosive  to  get  the  meaningful  reduction  at 
a  closer  distance  from  the  structure,  you  may 
create  more  damage  from  the  protective  explosion 
than  from  the  weapon  itself.  Then,  just  using 
the  concepts  of  conventional  warfare,  you  are 
not  talking  about  one  or  two  detonations  hitting 
the  target,  but  you  are  talking  sometimes  about 
hundreds  of  detonations  hitting  the  target.  I 
do  not  see  how  you  can  control  the  number  of 
protective  explosions  because  they  might  trigger 
each  other.  Before  you  know  it,  you  are  left 
again  with  a  passive  system  that  needs  to  stand 
and  provide  protection. 

Mr.  Glnsburg:  You  raised  a  few  important 
questions,  t  do  not  pretend  to  have  answers  to 
all  of  them  because  it  needs  further  study. 
First,  triggering  sympathetic  detonations  is  the 
least  worry.  You  con  protect  the  system  from 
that  if  you  design  it  correctly.  The  second  Is 
Inducing  damage  to  the  structure  by  the 
protection.  Of  course,  when  you  design,  you 
have  to  make  sure  that  your  criteria  for  damage 
to  the  structure  are  not  violated  by  your  own 
system.  Tills  Is  apparent  even  In  these 
preliminary  studies  where  the  original  load  with 


a  double  peak  caused,  in  my  case,  spalling. 
Whereas,  the  active  protection  did  not.  So 
again,  that  is  something  that  you  can  control. 
Regarding  multiple  loadings  -  of  course,  if  the 
structure  is  passive  and  the  weapon  can  destroy 
it,  then  it  destroys  it.  If  with  the  active 
protection,  you  can  protect  it  better  than  the 
passive,  then  you  got  something  done.  If  you 
have  100  hits  on  your  target,  then  both  will  not 
work  unless  you  have  some  100  or  200  charges. 

So,  this  might  be  Impractical;  I  do  not  know.  I 
am  comparing  the  passive  protection  with  the 
active  one,  and  there  is  always  a  chance  another 
weapon  would  destroy  both.  However,  the 
question  is,  "Can  I  use  active  protection  to 
protect  against  a  weapon  that  destroys  a  passive 
one?".  The  answer  is  definitely,  "Yes,  and  with 
much  more  flexibility."  So,  the  comparison 
should  be  between  these  two,  and  not  with  a  case 
where  it  will  not  work  anyway.  If  it  does  not 
work  with  passive,  it  will  not  work  with  active 
in  a  case  of  100  hits  and  so  forth. 

Mr.  Flathau  (JAYCOR)  :  It  seems  to  me,  If  I  were 
to  ring  this  whole  structure  with  explosives,  I. 
am  talking  about  many,  many  pounds  of  explosive, 
and  I  am  also  talking  about  an  expense;  so  there 
has  to  be  some  trade-off,  especially  if  you  are 
talking  about  multiple  layers.  Would  I  be 
better  off  to  put  more  mass  into  the  structure 
itself,  or  to  do  something  to  the  structure?  I 
think  this  certainly  would  be  true  if  we  are 
talking  about  the  case  that  Professor 
Krauthammer  talked  about,  as  you  get  one,  two, 
three,  four,  five  -  many,  many  explosives.  So, 
trying  to  look  at  what  you  are  doing  is  one 
thing,  and  then  looking  at  the  total  system 
approach. 

Mr ,  Glnsburg :  Theoretically,  If  you  want  to 
protect  a  structure  by  burying  it  a  few  miles 
underneath  the  surface,  it  might  work,  I  do  not 
know.  You  have  to  pay  for  it;  you  have  to  pay 
for  any  protection.  You  can  make  it  more 
massive,  and  the  easiest  way  is  to  bury  it 
deep.  There  are  two  severe  limitations.  One  is 
even  while  you  are  working  on  the  design, 
someone  is  designing  a  weapon  to  defeat  that. 

So,  once  you  bury  it,  forget  about  it;  that's  it 
for  better  or  for  worse,  you  do  not  know. 

History  always  shows  that  if  you  come  up  with  a 
good  protection  scheme,  in  no  time  somebody  else 
comes  up  with  a  weapon,  so,  there  is  no  reason 
to  assume  it  will  not  happen  again.  The  trade¬ 
off  is  money.  Sometimes  you  do  not  have  the 
space  to  provide  massive  protection.  This  might 
save  space.  Second,  even  if  hundreds  or 
thousands  of  pounds  of  high  explosives  are 
needed,  that  is  cheap.  In  fact,  it  will  be  much 
cheaper  than  the  sensory  system  which  is  needed 
to  detect  the  kind  of  weapon,  the  size  of  the 
weapon,  the  beginning  of  its  detonation,  or  tiic 
forces,  during  the  time  it  has  to  decide  how  to 
activate  the  protection  system.  Take  another 
example  -  surface  ships.  You  cannot  bury 
them.  You  cannot  protect  them  with  masses  of 
steel,  concrete,  sand,  and  so  forth.  Thin  might 
work,  Bo,  T  won't  nay  it  will  always  work.  It 
In  n  r|ueHilon  of  what  type  of  structure  you  ’e eve 
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to  protect.  However,  when  you  compare  it  one  to 
one  with  the  passive  protection,  there  is  no 
question  that  it  has  advantages. 

Mr.  Flathau;  It  also  has  many  disadvantages. 

One  disadvantage  is  it  needs  more  maintenance 
than  a  passive  protection  system;  this  can  be 
expensive  over  the  years.  The  amount  of  real 
estate  that  is  needed  is  another  disadvantage. 


the  protection.  So,  I  can  see  many  realistic 
situations  where  you  can  activate  one,  or  two, 
or  ten  layers,  and  still  have  a  reserve  of 
active  layers  without  any  damage  to  the  entire 
protection. 


Mr.  Ginsburgt  Let's  look  at  the  example.  This 
is  the  size  of  the  initial  protection  -  inert  or 
active.  The  amount  of  high  explosive  is  small; 
it  is  less  than  one  hundredth  of  this.  So,  it 
does  not  change  in  terms  of  real  estate  or 
anything  else.  Still,  it  is  more  effective  than 
the  inert  configuration.  So,  the  question  of 
real  estate  is  irrelevant  in  this  case.  The 
question  about  maintenance,  certainly,  that  is  a 
big  question  and  a  good  one.  I  do  not  know.  If 
we  do  not  try  a  realistic  implementation,  we 
will  never  know.  So,  this  offers  less  material 
and  a  more  effective  means  for  controlling  a 
wider  spectrum  of  weapons.  How  much  it  will 
cost,  and  how  much  maintenance  it  needs  are 
questions  I  cannot  answer. 


Mr.  Krauthamner  (University  of  Minnesota):  You 
assumed  the  protective  layer  will  always  be 
between  the  structure  and  the  weapon.  However, 
you  have  no  control  over  where  the  weapon  system 
will  be  delivered.  You  might  have  a  problem  if 
the  weapon  system  is  delivered  between  the 
protective  layer  and  the  structure.  Then,  you 
will  have  the  additional  detonation  of  the 
protective  layer,  and  instead  of  having  one 
pulse  hitting  the  structure,  you  will  have 
two.  The  other  possibility  is  If  the  protective 
layer  detonates,  and  the  weapon  is  on  the  so- 
called  "safe  side",  you  will  remove  protective 
material  from  the  passive  system.  Then,  you 
will  essentially  reduce  the  passive  resistance 
of  the  system.  So,  you  have  a  huge  array  of 
parameters  that  have  significant  contributions 
to  the  resistance  of  the  system  over  a  very 
narrow  range  of  variation.  I  do  not  believe 
this  simplistic  approach,  or  the  one-dimensional 
example  you  showed,  really  demonstrates  the 
effectiveness  of  the  system. 


Mr.  C.lnsburg:  Certainly,  this  is  a  feasibility 
study  that  you  must  do  first  to  figure  out  if 
you  can  do  it  at  all.  The  weapon  might  be 
activated.  If  it  Is  a  missile  that  penetrates  a 
certain  amount  und  then  explodes,  this  system  is 
much  superior  to  any  other  because  you  can 
destroy  the  missile  when  It  hits.  If  you  have  n 
good  sensory  system  that  says,  "Hey,  I've  been 
hit  by  this  mess,"  and  the  computer  soys,  "Oh, 
this  mess,  It  might  be  this  kind  of  missile. 
Let's  explodes  layer  1."  You  can  destroy  or 
Intercept  n  weapon  before  It  penetrates  that 
much  to  cause  damage,  and  we  cannot  do  this  with 
any  other  system.  So,  that  Is  an  advantage.  If 
we  are  talking  about  massive  Inert  protection 
Including  high  explosive  charges,  then,  you 
really  do  not  destroy  your  protection  when  you 
activate  one  layer.  In  fact.  If  It  Is  a  burled 
struct  ur«,  you  hardly  do  anything  to  the  core  of 
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Aberdeen  Proving  Ground,  Maryland 


Until  now,  the  peak  energy  efflux  at  the  jet  exit  was  considered  the 
significant  parameter  in  a  scaling  approach  to  estimate  the  peak  over¬ 
pressure,  t ime-of-arr 1  va  1 ,  and  positive  phase  duration  from  guns  and 
shock  tubes.  The  resulting  predictions  for  the  peak  overpressure  and 
time-of-arrl val  were  satisfactory  but  the  positive  phase  duration  pre¬ 
diction  was  poor.  This  predicted  value  of  the  positive  phase  duration  is 
used  with  the  peak  overpressure  prediction  to  obtain  an  estimate  of  an 
important  quantity:  the  impulse.  Here  we  Investigate  the  characteristic 
exhaust  decay  time  for  the  energy  efflux  at  the  jet  exit  as  a  possible 
additional  significant  parameter  that  might  be  used  to  Improve  pre¬ 
dictions  for  the  Impulse.  Numerical  simulation  was  used  to  establish 
that  the  impulse  value  depends  upon  this  parameter.  Comparison  between 
simulation  and  experiment  is  sat  i  sf actory.  This  additional  parameter  was 
used  to  correlate  the  available  impulse  data.  It  was  determined  that  the 
additional  parameter  si qni f 1  cant ly  improves  the  prediction  capability  of 
the  scaling  method  for  predicting  the  impulse.  An  ideal!  ted  wave  form 
together  with  the  predicted  peak  overpressure  can  he  used  to  obtain  an 
estimate  of  the  positive  phase  duration.  This  approach  yields  less  sat¬ 
isfactory  agreement  with  the  duration  data  but  this  fact  is  relatively 
unimportant  since  the  impulse  is  the  quantity  of  importance. 


I.  INTRODUCTION 

Guns  and  snock  tubes  under  operation 
generate  large  pressure  waves  that  can  be 
harmful  to  nearby  personnel  and  equipment. 
Industry  and  the  Army  employ  these  devices 
extensively  and  need  to  be  acquainted  with  the 
salient  characteristics  of  these  blast  waves. 
Cor  these  devices,  the  magnitude  of  the  energy 
efflux  from  the  tube  exit  and  its  history  de¬ 
termine  the  character!  sti  cs  of  the  blast  wave 
and  the  associated  gas-plume  structure.  Two 
principal  characteristics  of  blast  waves  are  the 
peak  overpressure  and  the  Impulse.  The  impulse 
is  the  time  Integral  of  the  pressure  at  a  field 
point  of  interest.  The  positive  phase  duration 
is  another  often-used  characteristic;  it  is  the 
time  duration  for  the  positive  pulse  a  blast 
wave  to  pass  over  the  field  point.  If  we  know 
the  peak  pressure  and  the  positive  phase  dura¬ 
tion  value,  the  impulse  for  the  wave  car  be  es¬ 
timated  easily  by  assuming  a  simple  expression 
for  the  pressure  as  a  function  of  time. 

Scaling  theory  is  used  extensively  to 

predict  blast  wave  characteristics;  this 
approach  yields  simple  but  powerful  methods. 
The  scaling  theory  for  i ns t ant ancous -energy 
blast  waves  [1]  is  well  known  and  accepted. 

Reynolds  used  a  point  blast  scaling  theory 

developed  by  Hoplinson  [  Jj  to  treat  gun¬ 
generated  blast  wavps.  Later,  Restme 

[4]  developed  a  scaling  law  from  point  blast 
theory  but,  in  addition,  introduced  the  length 
of  the  udi  ir*  a v  an  i-i’puildriL  yd s  ample r .  "ns 

modification  permits  his  method  to  he  applied 

successfully  over  a  variety  of  weapons. 

More  recently.  Smith  [b],  Fansler  and 


Schmidt  [6],  and  Schmidt  and  Diffy  [7]  have  pre¬ 
dicted  the  blast  wave  characteristic!;*  from 
these  devices  by  applying  scaling  theory  to 
blasts  generated  by  constant  energy  efflux 
conditions.  Smith  [5]  and  Fansler  and  Schmidt 
[6]  selected  the  peak  energy  deposition  rate  as 
the  significant  parameter,  with  a  steady  energy 
deposition  rate  assumed  in  the  dimensional 
analysts,  the  nondimensinnal ited  Quantities  of 
peak  pressure,  time-of-arrival  and  impulse 
depend  only  upon  the  distance  divided  by  the 
scaling  length.  For  a  given  polar  angle  as 
measured  from  the  axis,  this  scaling  length  for 
the  blast  wave  varies  as  the  square  root  of  the 
peak  energy  deposition  rate.  However,  tho  blast 
waves  are  highly  directional,  with  their 
strengths  decreasing  with  increasing  polar  angle 
f'-om  the  forward  axis  direction.  The  form  for 
the  variation  of  peak  overpressure  with  angle 
from  the  axis  is  obtained  from  moving  charge 
theory  [Sj;  it  possesses  cine  free  parameter  that 
determines  how  rapidly  the  overpressure  falls 
off  with  the  increase  of  polar  angle.  The 
assumed  formjlation  for  the  peak  overpressure 
generates  two  other  frep  parameters.  One 
parameter  is  the  value  for  the  exponent  power  of 
the  distance  from  the  gun  nuyyle;  it  determines 
how  fast  the  peak  pressures  fall  off  with 
distance.  The  other  parameter  is  the  value  for 
the  constant  coefficient  of  the  scaling 
expression.  The  available  data  are  then  used 
with  the  given  scaling  relation  to  perform  a 
least  squares  fit  that  establishes  values  for 
the  three  free  parameters.  Smith  [S]  applied 
tiie  scaling  approach  to  a  particular  weapon, 
'■owner,  Fansier  ann  scnmiat  [b]  assumed  the 
resulting  scaling  expressions  were  universally 
applicable  when  using  the  initial  enerqy- 
depos'tion  rate  as  t re  characteristic  value. 
The  Fansler  and  Schmidt  [hi  model  successful  Iv 
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predicts  the  peak  overpressure  and  times-of- 
arrlval  for  a  variety  of  gun  weapon  systems.  On 
the  other  hand,  the  method  predicts  that  the 
positive  phase  duration  increases  with  distance 
In  a  completely  different  fashion  than  for  the 
weP-studled  i  nstantaneous  energy  deposition 
explosions.  However,  the  original  generating 
method  for  the  blast  wave  should  have  less 
relevance  to  the  behavior  of  the  blast  wave  as 
it  travels  away  from  Its  origin.  Thus,  for  the 
larger  distances,  the  behavior  of  the  positive 
phase  duration  for  the  two  cases  should  be  quite 
slml 1 ar. 

It  Is  the  objective  of  this  work  to  provide 
an  Improved  prediction  scheme  for  the  Impulse  by 
modifying  the  scaling  approach  of  fansler  and 
Schmidt  [6].  From  the  data  already  accumulated, 
it  appears  that  the  energy-deposition  rate  decay 
affects  the  Impulse.  However,  the  waveforms 
obtained  by  experiment  have  Significant  amounts 
of  noise  generated  by  possible  gage  vlhrations 
and  turbulence;  perhaps,  the  amount  of  turbu¬ 
lence  can  affect  the  impulse  magnitude.  The 
turbulence  magnitude  nay  in  turn  depend  upon 
some  other  s 1 qr i f 1  cant  parameter  such  as  the 
velocity  of  the  nrojectile,  etc.  Thus,  (t  Is 
difficult  to  determine  from  the  data  whether  the 
positive  phase  duration  depends  predominantly 
upon  the  enerqy  efflux  decay  rate.  To  study 
this  relationship,  we  use  the  Euler  finite 
difference  code.  DAWNA,  that  calculates  the 
blast  wave  field  along  the  borcline  of  a  gun 
[8],  It  uses  shock  fitting,  takes  into  account 
the  decay  rate  of  the  energy  efflux  quantity, 
and  executes  much  faster  than  a  numerical  axl- 
synmetrlc  scheme. 


BACKGROUND  A‘!D  SCALING  DEVELOPMENT 


the  significant  quantities  for  the  scaling 
analysis.  The  momentum  of  the  propellant  gas 
results  in  the  strength  of  the  blast  wave  de¬ 
creasing  narxedly  with  pold'  angle.  Smith 
[5]  noted  the  similarity  between  moving-charge 
blast  waves  and  gun  blast  waves.  From  moving 
charge  theory,  he  obtained  a  scaling  length, 
for  nuzzle  blast. 


k'/k  =  u  cosa  v  (1  -  p  sin 


1/2 


(4) 


Here,  u  is  the  momentum  Index  and  is  a  measure 
of  the  directionality  of  the  blast.  It  is  a 
free  parameter  that  is  found  by  a  least  squares 
fit  to  experiment.  With  Equation  (4),  the 
resultant  form  of  the  overpressure  relationship 
is  assumed  as, 


K  (r/r)n 


(5) 


with  thr  values  of  K=2.4,  n*-l.l,  and  p-0.78 

giving  the  best  fit  to  the  peak  overpressure 
da»a.  These  data  were  collected  from  a  variety 
of  guns  [fi].  The  resulting  expression,  when 
cast  In  the  interior  ballistic  formulation  and 
when  some  simplifying]  assumptions  are  made, 
resembles  the  form  obtained  by  Westlne  [4], 

A  further  consequence  of  the  dimensional 
analysis  is  that  the  positive  phase  duration 
should  have  the  following  functional  dependence: 


i  =  i  aji' 

=  7  ( r  /  x. ' ) 


(6) 


As  mentioned  before,  Fansler  and  Schmidt 
[6]  assumed  that  the  blast  wove  depended  on  the 
enerqy  efflux.  The  functional  dependence  of  the 
peak  overpressure  Is  expressed  as 


h( r a^.dt /dt )  . 


(1) 


Here  r  is  the  distance  from  the  rente,  of  the 
explosion,  is  the  ambient  density,  aa  is  the 
ambient  sound  speed,  and  dE/dt  is  the  charac¬ 
teristic  value  for  the  rate  of  enerqy  deposi¬ 
tion.  For  a  sperical  blast,  we  assume  the  ideal 
equation  of  state;  dimensional  analysis  yields  a 
scaling  length: 

£  -  {dEy'rlt )/ (p^,  ij  (2) 

and  a  nondimensi una 1 1  zed  peak  overpressure: 

■w  _  r, 

r  *  'J"* 

=  P  (r/-) . 

In  this  report  tne  cverbarred  Quantity  is 
defined  as  the  quantity  ron-dir.ensional  1  zed  oy 


Because  of  the  general  appearance  of  the  30mm 
data  [G] ,  we  used  a_linear  fit  to  obtain  the 

predictive  curve  for  t  [61.  Figure  1  shows 
the  fitted  curve  with  the  corresponding  data. 
There  is  cons  •  iici  abl e  scatter  of  the  data  around 
the  fitted  curve.  The  data  also  do  not  show  any 
tendency  to  go  toward  the  far-fleld  asymptotic 
relation;  i.p.,  the  positive  phase  duration 
increases  asymptotically  as  tne  square  root  of 
the  log  of  the  distance  divided  by  sore 

constant.  Figure  2  shows  30-ir  data  with  the 
parameters  being  the  angular  position  and  firing 
conditions.  The  impulse  could  only  be  obtained 
directly  from  the  set  of  experiments  that  was 
used  to  produce  the  results  of  Figure  2.  Only 

data  from  these  experiments  were  used  to  obtain 

the  results  of  the  present  report.  It  is  noted 
that  some  data  Subgroups  are  clustered  so  that 
there  is  not  much  overlap  between  the  sub¬ 
groups.  Tnese  subgroups  correspond  to  different 
polar  angles  or  different  values  of  £'/«..  It  is 
duslrahls  to  have  substantial  overlap  of  the 
subgroups  to  improve  the  reliability  of  the  data 
and  thus  the  derived  results.  This  could  have 
been  accomplished  by  collecting  data  for  ’arger 
distances.  However,  the  facilities  and  1nstra- 
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mentation  did  not  allow  data  acquisition  at 
these  larger  distances. 


and  positive  phase  duration  are 


r, 

r 


The  observations  of  linear  behavior  of  the 
data  at  the  larger  distances  and  the  only  fair 
correspondence  with  the  curve  fit  caused  us  to 
search  for  an  additional  significant  param¬ 
eter.  A  possible  significant  parameter  Is  the 
characteristic  emptying  time  of  the  propellant 
from  the  gun  barrel.  As  noted  before,  the  peak 
overpressure  for  a  given  distance  and  polar 
angle  Increases  slowly,  but  Insignificantly  for 
most  practical  purposes,  with  Increasing 
emptying  time.  However,  the  Impulse  may  have  a 
stronger  dependence  on  the  emptying  time  of  the 
barrel . 

A  dimensional  analysis  performed  with  a 
characteristic  emptying  time,  a,  as  a 
significant  variable  yields  the  n  group, 


e  ~  («  a j/r  .  (7) 


This  Is  not  a  good  working  parameter  since  It  Is 
difficult  to  establish  how  a  Is  defined  and  how 
to  find  Its  value  easily.  Corner  [9]  discusses 
the  barrel  emptying  time  and  Its  relationship 
with  easily  observed  parameters.  To  a  first 
approximation, 


a  ~  L/Vp  .  (8) 

With  the  proportionality  substituted  Into 
Equation  (7),  the  new  working  *  group  can  be 
defined  as, 


6  *  (a.L)/(t'Vp)  .  (9) 

This  new  parameter  can  be  interpreted  as  the 
ratio  of  the  emptying  time  of  the  tube  to  the 
characteri  Stic  time  for  the  development  of  the 
blast  wave.  We  shall  call  the  new  parameter  the 
nondimensi onal  emptying  time.  Figure  3  shows 
the  normalized  energy  efflux  versus  the  non- 
dimensional  time  divided  by  the  nondlmensi onal 
emptying  time  constant  for  a  30nm  cannon,  or 

equivalently,  the  time  nondimensional i zed  by 

L/Vp.  If  the  first  part  of  the  emptying  process 

is  deemed  more  important  than  the  latter  parts, 
we  can  assume  an  exponential  function  to  fit  the 
first  part  of  the  data.  This  approximation  to 

the  curve  shows  that  the  efflux  data  values  are 
high  compared  with  the  fitted  function  for  the 
longer  times.  The  approximation  shows  that  the 
exponential  emptying  time  constant  is  a  = 

(L/Vp)/1.68.  Thus,  the  exponential  emptying 
time  constant  divided  by  L/Vp  's  0(1),  which 

agrees  with  intuition.  With  the  nondimens i ona  1 

emptying  time  now  assumed  as  a  significant,  r 
grouping,  the  functional  forms  for  the  impulse 


r  =  T(r/t',f),  (10) 


I  -  l(r/i',6)  .  (11) 


In  the  present  paper,  we  have  treated  the 
Impulse  as  the  primary  parameter  since  It  Is 
used  directly  to  assess  vulnerability  of  actual 
or  contemplated  structures.  Previously,  an 
assumed  form  for  the  positive  ph»se  duration  was 
correlated  with  available  posit. ve  phase  dura¬ 
tion  data  and  the  impulse  was  then  obtained 
using  the  most  primitive  form  of  the  Frlerilander 
waveform  [1],  which  is. 


(P-Pj/P«  =  P  [l-(t-ta )/t]  exo-[(t-ta)/t]  .  (12) 

Here,  ta  Is  the  tine  of  arrival  of  the  blast 

wave  front.  However,  the  prior  approach  intro¬ 
duces  a  source  of  inaccuracy  in  the  predictive 
method  because  the  assumption  of  a  specific 
waveform  is  an  approximation. 

As  mentioned  in  the  introduction,  noise 
from  turbulence  and  other  sources  were  super¬ 

imposed  upon  the  waveforms.  Such  factors 
introduced  difficulty  In  ascertaining  that  the 
emptying  time  was  a  major  significant  vari¬ 
able.  Moreover,  the  limited  range  of  distances 
over  which  the  data  were  taken  also  makes  It 
difficult  to  assert  what  the  sign'ficant  vari¬ 
ables  are  with  confidence.  To  isolate  the 

effect  of  the  emptying  time  from  other  possible 
significant  parameters,  we  use  numerical  simula¬ 
tion.  We  chose  the  DAWNA  code  [3],  which 
computes  the  flow  properties  of  the  blast  wave 
along  the  gun  boreline.  Although  the  method 
calculates  the  flow  properties  along  the 
centerline,  by  the  assumptions  of  the  scaling 
approach,  the  results  are  applicable  to  the  gun 
blast  for  arbitrary  polar  angle.  In  the  jet 

plume  portion,  the  property  distribution  of  a 
steady  jet  is  assumed  along  the  centerline  and 
the  shock  layer  between  the  Mach  disc  and  the 

blast  wave  front  is  computed  with  a  finite 


difference  method.  The  discontinuities  are 
obtained  using  a  shock  fitting  technique.  The 
method  executes  rapidly  compared  to  an 
axisymmetric  code  and  the  position  of  the 


discontinuities  are  determined  exactly  whereas 
shock  capturing  schemes  portray  discontinuities 
as  more  or  less  steep  rises  or  falls  in  the 
calculated  gasdynamic  quantities. 


KtyiLlb  Ahu  nISviSSiON 

The  simulation  nerformed  was  for  the  39.-n 
cannon  firing  the  projectile  at  S?2  m/s  with  a 
peak  pressure  of  1630  kpa.  These  conditions  are 
for  one  of  the  firing  conditions  used  in  an 
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earlier  study  [10],  To  investigate  the 
relationship  between  the  dimensionless  emptying 
time  and  the  Impulse,  the  value  of  3  was  varied 
from  1.37  to  infinity,  or  equivalently,  the 
barrel  length  was  varied  from  10  calibers  to 
Infinity.  For  a  40  caliber  length  barrel,  the 
energy  efflux  history  Is  shown  in  Figure  3.  As 
discussed  before,  the  time  is  proportional  to 
the  barrel  length.  Figure  4  shows  overpressure 
versus  time  at  different  distances  from  the 
muzzle  for  the  above  conditions.  The  value 
of  3  is  5.47  or  equivalently,  the  barrel  length 
Is  40  calibers.  The  wave  generally  resembles 
waves  generated  by  instantaneous  energy 
explosions.  Figure  5  shows  calculated  waveforms 
with  various  barrel  emptying  times  for  a 
dimensionless  distance  of  4.54  calibers  from  the 
muzzle.  The  waveforms  for  larger  emptying  times 
result  in  larger  values  for  the  positive  phase 
durations.  Furthermore,  the  shape  of  the  wave 
does  not  maintain  similarity  as  the  emptying 
time  is  increased.  Thus,  the  similarity  between 
the  waves  generated  by  instantaneous  energy 
explosions  and  waves  for  finite'  energy 
explosions  should  become  weaker  as  the 
dimensionless  emptying  time  increases.  In  fact, 
for  this  position,  the  positive  phase  duration 
for  the  barrel  of  infinite  length  is  longer  than 
for  the  times  calculated.  In  effect,  the  jet 
appears  to  be  sustaining  a  positive  pressure  at 
some  field  positions,  as  one  might  intuitively 
expect. 

The  positive  phase  duration  versus  the 
distance  from  the  muzzle  for  different  values  of 
the  dimensionless  emptying  time  is  shown  in 
Figure  6.  For  finite  values  of  the  emptying 
time,  the  positive  phase  duration  at  first  in¬ 
creases  rapidly  and  then  starts  to  level  off. 
This  behavior  occurs  since  at  early  times  the 
blast  wave  strength  is  large  and  the  front  of 
the  wave  then  travels  at  speeds  appreciably 
greater  than  the  speed  of  sound  while  the  part 

of  the  wave  where  the  overpressure  is  zero  is 

traveling  near  the  speed  of  sound.  As  the  wave 
travels  from  the  muzzle,  the  peak  overpressure 
decreases  and  the  wave  front  speed  approaches 
the  ambient  sound  speed.  In  the  asymptotic 

limit,  the  positive  phase  duration  involves  a 
logarithmic  term.  For  constant  energy  efflux, 
the  positive  phase  duration  increases  rapidly 
with  distance  to  very  large  values  as  was  noted 
from  Figure  5. 

Figure  7  gives  the  simulated  impulse  as  a 
function  of  the  distance  from  the  muzzle  for 

various  values  of  the  dimensionless  emptying 
time.  The  impulse  appears  to  decrease  rapidly 
which  we  should  expect  since  the  overpressure  is 
decreasing  more  rapidly  than  the  inverse  power 
of  the  distance  and  the  positive  phase  duration 
is  increasing  relatively  slowly.  Figure  3  shows 
that  the  impulse  increases  slowly  but  signif¬ 
icantly  with  the  barrel  exhaust  time.  Figure  9 
shows  a  comparison  between  the  simulated  values 
of  the  impulse  and  some  experimental  values  for 
comparable  values  of  the  dimensionless  emptying 
time.  These  data  were  obtained  from  the 
primitive  waveform  data  for  art  earlier  study 


[in].  The  utilization  of  this  additional 
parameter  produces  a  marked  improvement  over  the 
original  predictive  model  of  Fansler  and  Schmidt 
[6].  Although  the  comparable  emptying  times  are 
smaller  for  the  simulation,  they  predict  higher 
values  for  the  impulse.  The  simulated  curves 
also  show  a  steeper  decline  of  the  impulse  with 
distance  but  this  would  be  expected  since 
simulations  predict  a  steeper  decline  in  peak 
overpressure  than  actually  occurs.  The  reason 
for  the  steeper  decline  is  not  known.  Consider¬ 
ing  that  the  simulation  is  based  on  a  model  that 
is  a  gross  simplification  of  the  muzzle  blast 
flow,  the  agreement  is  quite  good. 

The  complete  data  set  [10]  was  used  in 
seeking  a  correlating  relationship  with  the 
nondimensional  emptying  time  is  shown  in  Figure 
10.  The  data  cover  a  range  over  the  non- 
dimensional  time  from  3.23  to  32.3  which  does 
not  completely  encompass  the  ranges  occupied  by 
gun  weapons.  Nevertheless,  a  correlation  was 
sought  with  extrapolation  to  these  ranges  that 
would  hopefully  not  result  in  large  predictive 
errors.  Further  available  data  can  later  be 
added  to  yield  an  improved  prediction.  It  was 
decided  to  employ  a  simple  form  devoid  of  any 
logarithmic  expressions  that  the  impulse  might 
he  tending  to  asymptotically.  We  have  no  data 
for  performing  a  least  squares  fit  in  the  far 
field.  The  nondimensional  impulse  was  assumed 
to  have  a  form  such  that  when  the  data  were 
fitted  and  the  free  parameters  determined, 

T  =  0.5  (r/O  '*63  ,2  .  (13) 


This  form  can  easily  be  understood  and  used  and 
shows  that  the  impulse  varies  as  a  weak  power 
law  function  of  the  barrel  exhaust  time  and  is 
consistent  with  how  the  simulated  values  of  the 
impulse  vary  with  the  efflux  decay  time.  A 
least  squares  fit  was  also  attempted  with  the 
addition  of  the  polar  angle  as  an  explicit 
variable  but  very  little  improvement  in  the 
correlation  was  obtained. 

To  display  all  the  results  on  a  plot,  the 
function  I  must  be  transformed  to  a  function 
depending  on  only  one  variable.  Dividing  I  by 
the  last  factor  in  Equation  (13),  one  obtains 
the  reduced  value  of  the  impulse,  Ip,  that  is  no 

longer  dependent  on  the  nondimensional  emptying 
time.  Figure  11  shows  the  reduced  impulse  data 
together  with  the  prediction.  The  scatter  of 
the  reduced  data  is  significantly  diminished  by 
utilizing  the  barrel  exhaust  time  in  the  cor¬ 
relation.  Of  course,  some  of  the  scatter  can  he 
attributed  to  random  variations.  Nevertheless, 
vie  have  need  of  a  larger  data  set  with  measure¬ 
ments  performed  for  longer  distances  from  the 
muzzle. 

Now  that  we  have  developed  a  predictive 
expression  for  the  mor<  important  quantity,  the 
impulse,  we  can  retun,  *  •  the  positive  phase 
duration  and  investigate  whether  an  adequate 
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predictive  expression  can  be  easily  obtained. 
Of  course,  from  Figure  5  we  should  expect  that 
the  Impulse  would  not  vary  linearly  with  the 
positive  phase  duration.  If  we  assume  the 
Frledlander  relationship  as  given  In  Equation 
(12),  a  very  simple  relationship  exists  between 
the  nondimensional  impulse  and  the  non- 
dimensional  positive  phase  duration, 


I  =  P  T/e  . 


Utilizing  the  express! on_for  T  In  Equation  (13) 
and  the  expression  for  P  as  given  In  Equation 
(5),  we  find 


=  0.566  (r/tJ)0,6  0°-2 


As  before  with  the  Impulse,  the  dimensionless 
positive  phase  duration  is  transformed  to  a 
function  of  the  nondi mensi onal  distance.  The 

positive  phase  duration  data  are  likewise 
0  2 

divided  by  6  .  The  comparison  between  the 
predictive  curve  and  the  reduced  data  Is  shown 
in  Figure  12.  Ihe  data  trend  and  the  predictive 
curve  have  different  slopes.  It  appears  that  a 
more  complex  wave  shape  would  need  to  be  assumed 
to  adequately  predict  the  positive  phase  dur¬ 
ation.  However,  this  would  seem  to  be  wasted 
effort  since  with  data  being  digitized  and  pro¬ 
cessed  with  computers,  the  Impulse  can  easily  be 
determined  for  a  wave. 

Although  the  data  used  here  were  obtained 
from  gun  weapons,  the  results  should  be  ap¬ 
plicable  to  any  device  that  produces  a  jet  flow 
with  decaying  energy  efflux.  Schmidt  and 
Duffy7  obtained  pressure  data  in  the  field  ex¬ 
ternal  to  the  exit  of  the  shnck  tube.  They  did 
not  obtain  the  impulse  hut  they  did  measure  the 
positive  pnasp  oration.  They  four  1  that  for  r 
held  constant: 


i  ~  exp(0.2S  cos’j)  (16) 


Usirg  Equation  (16)  and  Equation  (9), 


•  -  U700-3  (1?) 


A  comparison  ur  the  two  expressions  is  snown  in 
Figure  13.  The  agreement  is  satisfactory  as  it 
should  he  since  the  shock  tube  essentially 
generates  its  blast  wave  in  the  same  manner  as 
for  a  gun  weapon. 


SUMMARY  AND  CONCLUSIONS 

An  older  predictive  scheme  for  blast  waves 
generated  from  gun  weapons  that  is  based  on  a 
scaling  approach  has  not  produced  entirely 
satisfactory  results.  For  example,  this  older 
model,  which  utilizes  the  peak  energy  deposition 
rate  as  the  significant  parameter,  predicts  that 
the  positive  phase  duration  Increases  linearly 
with  the  distance  from  the  jet  exit.  However, 
for  the  well-studied  explosions  that  are  gener¬ 
ated  by  instantaneous  energy  deposition,  this 
sort  of  behavior  does  not  exist.  For  these 
explosions,  the  positive  phase  duration  at  first 
Increases  steeply  viith  the  distance  but  the  rate 
of  increase  with  distance  falls  off  rapidly  as 
the  wave  travels  away  from  its  origin.  It  would 
seem  that  much  the  same  behavior  should  exist 
for  blast  waves  generated  by  jet  flows  that  exit 
from  gun  tubes  or  shuck  tubes.  The  analysis  of 
the  data  upon  which  the  model  was  developed 
reveals  that  subgroups  of  the  data  occupy  only  a 
limited  domain  and  do  not  overlap  extensively. 
The  data  could  also  depend  on  another 
significant  parameter  that  could  produce  the 
puzzling  linear  relationship  between  the 
positive  phase  duration  and  the  scaled  distance 
from  the  jet  exit.  A  possible  significant 
parameter  could  be  barrel  exhaust  time  for  the 
energy  efflux  passing  the  exit  plane.  To  test 
this  possibility,  we  employed  a  numerical 
simulation  scheme  that  calculates  the  fluid- 
dynamic  quantities  along  the  boreline.  Although 
the  simu’ation  scheme  Is  limited  to  only  one 
direction,  this  is  not  a  major  impediment  since 
the  current  scaling  approach  allows  application 
of  the  results  to  all  polar  angles.  The 
numerical  scheme  also  executes  very  quickly  and 
allows  for  Isolation  from  turbulence  and  other 
phenomena  occurring  in  the  actual  gun  blast 
f  1  ow. 

The  simulation  results  show  that  the 
impulse  increases  with  the  decay  time  of  the 
enerqy  efflux.  Moreover.  comparisons  of 
experiment  data  with  simulation  results  show  a 
similar  dependence  of  the  impulse  upon  the  decay 
time  of  the  energy  efflux.  Thus,  It  Is  felt 
that  the  barrel  exhaust  time  is  a  significant 
parameter  for  improving  the  correlation  of  the 
impulse  data.  We  correlated  the  data  utilizing 
the  new  variable  and  obtained  a  power  law  depen¬ 
dence  of  tne  impulse  upon  the  nondimensi  onal 
energy  efflux  exhaust  time.  The  predicted 
impulse  increases  at  a  slower  rate  for  the 
larger  distances,  as  it  should.  We  can  obtain 
corresponding  positive  phase  duration  values  by 
using  the  most  primitive  Friedlander  relation 
together  with  the  predicted  peak  overpressures 
to  construct  idealized  waveforms.  This  approach 
generates  a  simple  expression  for  the  positive 
phase  duration.  Comparison  with  the  phase  dur¬ 
ation  data  yields  different  slopes  ana  only  Tair 
agreement.  It  is  concluded  tnat  the  positive 
phase  duration  prediction  should  only  be  used 
when  there  are  no  impulse  data  to  compare 
with.  A  case  in  point  is  tne  shock  tune  results 
obtained  by  Schmidt  and  Duffy  [7),  that  had  only 
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the  positive  phase  duration  data  readily  avail¬ 
able.  The  results  of  the  present  prediction 
agree  reasonably  well  with  the  shock  tube 
results  even  though  we  have  used  the  simple 
Frledlander  relationship. 

in  conclusion,  t.he  Impulse  given  t.o  nearby 
structures  by  guns  or  shock  tubes  can  now  be 
more  accurately  predicted  In  a  range  of  dis¬ 
tances  where  possible  Injury  can  result  to 
personnel  and  equipment.  This  relationship  Is 
not  applicable  to  very  large  distances  from  the 
gun  or  shock  tube.  Data  have  not  yet  been  col¬ 
lected  for  correlation  to  these  distances  and 
the  present  function  does  not  contain  a  loga¬ 
rithmic  expression  that  Is  essential  for  the 
asymptotic  form. 
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COMPUTER  IMPLEMENTATION  OF  A  MUZZLE  BLAST 


PREDICTION  TECHNIQUE 


C.  W.  Heaps,  K.  S.  Pansier,  E.  M.  Schmidt 
Ballistic  Research  Laboratory 
Aberdeen  Proving  Ground,  Maryland 


A  computer  code  Is  developed  that  generates  contour  maps  of  peak  Incident 
overpressure,  peak  reflected  overpressure,  blast  wave  time  of  arrival, 
and  blast  wave  positive  phase  duration.  The  code  is  based  upon  a  free 
field  muzzle  blast  scaling  technique  that  Is  extended  to  treat  blast  wave 
reflection  from  Surfaces.  The  predictions  of  the  compouter  program  are 
shown  to  compare  reasonably  well  with  experiment. 


NOMENCLATURE 
area  of  bore 


muzzle  pressure  for  propellant 
immediately  before  projectile 
ejection 


propellant  sound  speed  at  muzzle 
immediately  before  projectile 
ejection 

ambient  sound  speed 

fraction  of  propellant  burnt 

propellant  mass 

bore  diameter  of  gun 

internal  energy  of  propellant  gas 
immediately  prior  to  projectile 
ejection 

distance  from  the  origin  of  the 
contour  plane  to  the  muzzle 

scale  length  for  explosion 

effective  scaling  length  that 
varies  with  angle  from  borelint 

projectl le  mass 

effective  projectile  mass 
accounting  for  bore  friction 
(  =  l.DS  mp) 

Mach  number  of  incident  shock 

streamline  Mach  number  in  front  of 
incident  shock 

streamline  Mach  number  behind 
incident  shock 

unit  vector  normal  to  contour  plane 


P„ 

pi 

PR 

P 


J1 


amhient  pressure 

pressure  behind  incident  shock 

pressure  behind  reflected  shuck 

incident  overpressure  (atm) 

reflected  overpressure  (atm) 

vector  directed  from  muzzle  to  field 
point  of  interest 

magnitude  of  r 

gas  constant 

blast  wave  time  of  arrival 

propellant  temperature  at  muzzle 
immediately  before  uncorking 

adiabatic  flame  temper*  .:ure  of 
propel lant 

mean  temperature  of  propellant  gas 
unit  vector  parallel  to  borehne 
combined  volume  of  cna-'.ber  and  bore 
exit  velocity  of  projectile 

(r/f  )'K1 

wave  angle  nf  incident  shoes 
wave  angle  oT  refiecseo  snore 


vector  directed  from  the  boreline  •:  specific  beat  ratio 

to  the  field  point  of  interest 
that  is  normal  to  the  shockwave 
surf  ace 


NOMENCLATURE 


(continued) 


i  >  this  form. 


f.  flew  deflection  angle  through 

1  Incident  shock 

6-  flow  deflection  angle  through 

reflected  shock 

6  maximum  stream  deflection  consistent 

' ,K  with  regular  shock  reflection 

n  angle  between  r  and  P 

0  polar  angle  from  boreline  to  field 

point 

u  momentum  Index 

f  vector  alonq  horeline  designating 

apparent  origin  of  blast  wave 

»  cubic  polynomial  used  in  the 

approximation  of  the  reflected 
pressure  coefficient  curves 

t  blast  wave  positive  phase  duration 

;  angle  between  borelioe  and  contour 

plane 

x  ratio  of  beat  losses  to  kinetic 

energy 

‘.i  roughness  factor 


INTRODUCTION 

High  levels  of  muzzle  blast  overpressure 
can  have  adverse  effects  on  weapon  crew  members, 
nearby  structures,  and  instrumentation.  Control 
of  these  effects  requires  the  ability  to  predict 
the  details  of  toe  blast  pulse  as  a  function  of 
weapon  design  and  emplacement,  propellant  and 
projectile  characteristics,  and  launch  condi¬ 
tions.  Additionally,  techniques  tn  reduce  or 
control  the  blast  through  changes  in  these  prop¬ 
erties  are  of  practical  importance.  Fansler  and 
Schmidt  [1]  developed  scaling  relations  that 
permit  estimation  of  peak  incident  overpressure, 
blast  wave  time  of  arrival,  and  positive  phase 
duration.  Comparison  of  these  estimates  with 
experiment  demonstrates  that  the  scaling  ap¬ 
proach  provides  a  reasonable  initial  estimate  of 
muzzle  blast  characteristics.  Since  the  rela¬ 
tions  are  sensitive  to  weapon  launch  conditions 
and  propellant  charge  design,  they  may  be  used 
to  study  the  influence  of  these  properties  in 
muzzle  blast. 

The  present  work  has  two  main  objectives. 
The  first  is  to  extend  the  scaling  approach  tn 
treat  the  problem  of  pressure  loadings  on  sur¬ 
faces  adjacent  to  the  weapon.  The  second  is  to 
use  the  scaling  relations  in  the  development  nf 
a  computer  code  called  BLAST  that  plots  contour 
maps  of  the  muzzle  blast  quantities.  We  believe 
that  the  results  obtained  from  the  scaling  rela¬ 
tions  are  most  easily  interpreted  when  presented 


The  remainder  of  this  report  may  be  out¬ 
lined  as  follows.  First  we  present  the  scaling 
relations  used  to  calculate  the  incident  over¬ 
pressure,  blast  wave  time  of  arrival,  and  posi¬ 
tive  phase  duration  at  points  on  a  surface  that 
can  have  any  desired  orientation  with  respect  to 
the  cannon  horeline.  From  the  calculations  of 
incident  overpressure  and  time  of  arrival,  the 
reflected  blast  overpressure  on  the  surface  of 
interest  is  determined.  For  all  of  the  blast 
properties,  an  algorithm  is  established  to 
generate  contour  plots.  Representative  plots 
obtained  from  BLAST  are  selected  for  comparison 
with  experimental  results. 


FREE  HELD  MUZZLE  BLAST  CALCULATIONS 

The  tree  field  blast  computations  are  per¬ 
formed  using  scaling  relations  developed  by 
Fansler  and  Schmidt.  Their  scalinq  approach  has 
been  described  in  detail  [1];  hence,  only  the 
final  results  of  the  work  are  presented  here. 
The  quantities  of  interest  in  the  free  field 
tlast  problem  are_the  peak  incident  overpressure 
in  atmospheres,  P  ,  the  blast  wave  time  of 
arrival.  t  ,  and  the  positive  phase 

duration, t  .  The  expressions  derived  for  these 
quantities  are  surrtnan zed  by 


P  =  2.4Z 


(la) 


t  =  I_  f  (z)  -  J-  (0.04  cos 0  +  9.?4 )  (lb) 

d  d  d 


’  -  (*7«J  [1  ♦  0.13  (i/t1)]  (ic) 


where 
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[ucos'i  ♦  (1 


?  ■ 

e  Si  1  n  -z )  J 
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Z  =  (r/i')‘K1  ,  and  (le) 

f(Z)  =  1  *  inz  -  (Z?/1.2)  r  (Z3/2.3)  - 
( Z4 /}. 4 )  +  (7S/4.S)  -  (Z6/S.h).  (If) 
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For  subsonic  exit  flow  (  V„  <  a_  ) 

'  p  m  9 


,  Mi 


8.62  x  10  J)  Pa  ... 

m  i"  n  ,  7  (r-l)i  . 

- rrm  X -  I*  +  - ? —  J 


Mr  11  *  IfiL  r  »  " 


3y-  1  i  1/2 


For  supersonic  exit  flow  (V  >  am), 


l  =  (9.20  X  10'^)  n 


r  p  v 
m  r 

Li^n 


t(Y-D  v;  ] 

(1  ♦ -  P  )  O) 

2a  £  J 


To  use  these  relations,  it  is  necessary  to 
know  the  weapon  characteristics  and  propella.it 
gas  properties  at  shot  ejection,  when  the 
latter  are  not  known  from  experiment,  they  may 
he  determined  using  Interior  ballistics 
theory.  The  user  of  BLAST  has  the  option  of 
employing  the  following  simplistic  Interior 
ballistics  model  to  obtain  the  gas  properties  at 
shot  ejection. 

lagranglan  interior  ballistics  as  given  by 
Tomer  [2]  is  utilized.  The  internal  energy  of 
the  propellant  gases  Immediately  prior  to  pro¬ 
jectile  ejection  is  given  by 


8CRT 

-  1/2  (<"j  ♦  C/3)  (1  ♦  x)  Vp 


where  II  is  the  combined  volume  of  the  bore  and 
chamber.  The  following  expression  is  obtained 
tor  the  exit  sound  speed  of  the  propellant  gases 


am  *  (tRT  )1/?  ■= 
m  '  nr 

Iy(y-I)  E/tC  ♦  C?/(3m1)])1/2  (7) 

Results  obtained  from  this  simple  theory  were 
compared  with  those  of  a  more  exact  computer 
model  [?1  and  shown  to  produce  similar  re¬ 
sults.  Once  the  weapon  characteri sti cs  and 
launch  conditions  are  determined,  the  scaling 
relation^  given  in  Equation  (1)  are  used  to 
compute  P,  t,,  and  t  as  functions  of  r  and  0. 

d 

The  contour  plotting  algorithm  requires  the 
evaluation  of  thzse  functions  at  regularly 
spaced  points  (gridpoints)  in  the  plotting 
domain.  The  values  of  r  and  e  must  therefore  be 
determined  for  each  gridpnint.  The  geometry  of 
the  problem  is  shown  in  Figure  1.  The  origin  of 
the  polar  coordinate  system  in  which  contours 
are  plotted  is  the  perpendicular  projection  of 
the  muzzle  uf  the  gun  into  the  plane  of  inter¬ 
est.  The  distance  frum  the  origin  to  the  muzzle 
is  h,  and  t  is  the  angle  between  the  plane  and 
the  boreline  of  the  gun.  The  contour  algorithm 
requires  a  rectangular  grid  in  the  contour 
plane.  Tor  th  s  reason,  the  gridpoints  are 
located  in  a  cartesian  coordinate  system 
originating  at  the  nuzzle  of  the  gun.  The  x-y 
plane  of  this  coordinate  system  Is  taken 
parallel  to  the  contour  plane;  thus,  any  point 
in  the  contour  plane  is  defined  by  (x,y,-h). 
The  distance  from  the  muzzle  to  appoint  in  the 
plane  is  given  by  the  magnitude  of  r  ; 


where  B  is  the  fraction  of  propellant  burnt,  C 
is  the  propellant  mass,  is  the  effective 

projectile  mass  accounting  for  bore  friction, 
and  x  is  the  ratio  of  heat  losses  to  kinetic 
energy.  The  following  semi-empirical  formula¬ 
tion  for  Aic  used 


i  i? 

,2  2  „V'~ 

( x  <  y  +  h  ) 


let  u  be  a  unit  vectgr  parallel  to  the  boreline. 
The  angle  "  hetween  u  and  r  is  given  by 


(insno)  (t  -300) 

d 

Ae  VP?  <"V  +  ,:/3>  ' 


where  w  is 


roughness 

•>  -  Pf, 

ir  it  \  •'■n 


F  =  1.7  +  671  O  '  '!!•  /'.)  *'  .  In  this  report 

the  roughness  factor  is  takpn  as  1.3S,  an 
average  of  large  anl  small  gun  values.  If  we 
assume  an  ideal  aas  the  mizzle  pressure  is  given 
by 
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REFLECTED  SHOCK  WAVE  CALCULATIONS 


The  reflection  of  shock  waves  from  surfaces 
can  be  quite  complex.  Edney  [4]  has  Identified 
a  number  of  possible  flow  structures  depending 
upon  the  strength  of  the  Incident  wave  and  the 
angle  of  reflection.  In  the  present  context, 
the  process  is  considerably  simplified.  Only 
two  types  of  reflection  are  considered:  regular 
and  single  Mach  stem  [5]. 

For  points  very  close  to  the  reflecting 
surface  (the  contour  plane),  the  blast  may  be 
considered  planar.  The  shock  wave  angle  of 
incidence,  aj,  is  simply  the  angle  between  the 

direction  of  propagation  of  the  hlast  and  the 

surface  normal,  n,  to  the  contour  plane  (Figure 
2).  One  method  of  obtaining  the  direction  of 
propagation  of  the  blast  wave  is  to  evaluate  the 
gradient  of  ta  since  the  shape  of  the  wave  is 

equivalent  to  the  surface  defined  by  constant 
ta.  This  gradient  is  normal  to  the  blast  wave 

surface;  therefore,  it  points  in  the  direction 
of  propagation.  The  difficulty  with  this 
approach  is  that  the  computer  time  required  to 
evaluate  the  gradient  of  ta  at  each  grid  point 

is  excessive.  In  the  Appendix,  we  describe  an 
alternate  method  for  calculating  the  shock  wave 
angle  of  incidence.  This  alternate  method  may 
be  shown  to  be  mathematically  equivalent  to  the 
gradient  approach,  but  it  is  more  efficient  com¬ 
putationally.  In  BLAST  we  use  the  approach 
described  in  the  Appendix. 

Once  the  shock  wave  angle  of  incidence,  a^, 

is  obtained,  we  determine  whether  regular 
reflection  or  Mach  reflection  of  the  shock  wave 
occurs.  The  first  step  in  this  procedure  is  to 
shift  from  a  fixed  reference  frame  to  one  moving 
along  the  reflecting  surface  at  the  same  veloc¬ 
ity  as  the  shock  waves.  In  this  reference  frame 
the  shock  wave  is  stationary  and  has  a  stream¬ 
line  flowing  through  it  parallel  to  the  reflec¬ 
ting  surface  (Figure  3).  The  relations  for  com¬ 
pressible  flow  through  an  oblique  shock  wave 
[6]  are  applicable  to  this  system. 

The  Mach  number  of  the  streamline  in  the 
region  in  front  of  the  incident  shock  is  given 
by 


M  _  rrY+l  ,PI’Pc 

M1  =  (C7T  (T~ 


■)  +  l]/sin2  c^}1/2 


(10) 


where  pj  and  are  the  pressures  behind  and  in 

front  of  the  incident  shock,  respectively. 
Across  the  incident  shock,  the  flow  is  deflected 
through  an  angle,  4^,  given  by 


tan 


-1 


M  2sin2a  -1 
2 (cot  a^)  — j- 


M^  (y+COS  2a^)  +  2  J 


(ID 


and  the  Mach  number  behind  the  incident  shock  is 
obtained  from 


1/2 

/Sin(a1  -  5X)  (12) 


The  question  of  whether  regular  reflection 
is  possible  may  now  be  addressed.  The  maximum 
stream  deflection  for  a  specified  upstream  Mach 
number  is  given  approximately  by 


m2  - 


(Y-l)  —  +  (Y— 1  ) 

'  OS 


2y 


4  (^  -  1)3/2 
5max  3  y-y  (y+1)  m2^.  (13) 

If  5^  ,  regular  reflection  is  not  pos¬ 

sible  and  Mach  reflection  occurs.  If  6^  <  6max, 

regular  reflection  occurs  and  the  analytic  solu¬ 
tion  for  the  reflected  overpressure  may  proceed. 

If  regular  reflection  is  possible,  the  flow 
is  deflected  through  the  reflected  shock.  This 
deflection  angle,  <5 must  be  equal 

to  5^  because  the  boundary  condition  requires 

the  flow  to  be  parallel  to  the  reflecting 
surface.  Equation  (11)  applied  to  the  flow 
across  the  reflected  shock,  with  =  62*  yields 


2 

M?  sin  cu-l 

2  (cot  ou)  — 5 - tan  6,  =  0  (14) 

M2  (y  +  cos  2a2) 


where  0^  is  the  wave  angle  of  the  reflected 

shock.  Equation  (14)  is  solved  for  a2  by 

iteration.  Once  is  known,  the  following 

equation  is  used  to  determine  the  pressure 
behind  the  reflected  shock,  pR 


"  fir  <"22  s,n  2  v‘>  *  1  <l5> 


Finally,  the  reflected  overpressure  in  atmo¬ 
sphere",  is  given  by 
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A  computational  problem  arises  in  the 
preceding  development  as  aj  approaches  aero. 

The  expression  for  Mj  given  In  Equation  (10) 

becomes  arbitrarily  large  due  to  the  sin  term 

In  the  denominator.  To  avoid  this  difficulty  we 
do  not  use  the  relations  presented  above  for 
angles  of  Incidence  less  than  one  degree.  For 

angles  of  incidence  less  than  this  value,  the 

solution  for  plane  shock  wave  reflection  normal 
to  the  surface  Is  acequate.  In  this  special 
case  the  ratio  of  reflected  overpressure  to 

Incident  overpressure  is  given  by 


needed  to  evaluate  the  polynomial  are  provided 
from  the  solutions  at  points  A  and  8  of  Figure 
5.  The  reflected  overpressure  at  point  A, 

"  (o^)  ,  Is  determined  from  the  analytic 

solution  for  regular  reflection.  Tne  slope  at 
A,  i '  (u^)  .  car  be  approximated  by  taking  a 

finite  difference.  At  point  B,  »'  (ag)  and 

n'  (jg)  are  obtained  from  the  Lagranglan 

interpolation  procedure  described  above.  The 
four-term  polynomial  at  A  is 


*(uA)  = 


♦  n  ,  a  ,  *  r  a 

o  1  A  2  A 


The  derivative  of  this  polynomial  is 


(3  v- 1 )  p.  -  ( r  - 1 ) 


If  regular  reflection  does  not 
occur  (:.>»)  it  is  Impossible  to  ohtain  an 

analytic  solution  for  the  reflected  overpressure 
using  the  theory  of  simple  oblique  waves.  In 
this  case  the  reflected  overpressure  is  ex¬ 
tracted  from  empirical  results.  A  typical  data 
plot  of  reflected  overpressure  versus  shock  wave 
angle  of  Incidence  for  various  Incident  over¬ 
pressures  [7]  is  presented  in  Figure  4.  Similar 
data  from  a  variety  of  sources  were  examined  and 
two  general  features  noted.  First,  beyond  a 
certain  angle  of  incidence  whoso  value  depends 
on  the  incident  overpressure,  the  reflected 
overpressure  curves  may  be  approximated  by 
straight  lines.  To  determine  the  equations  of 
these  lines  a  point  and  slope  are  needed. 

At  Oj  =  qoj,  the  blast  wave  is  at  grazing 

incidence  to  the  surface  and  the  ratio  of 
reflected  to  incident  overpressure  equals  one, 
independent  of  the  incident  overpressure.  Thus, 
the  right  end  point  of  a’l  the  straight  lines  is 
defined.  The  slopes  of  the  lino,  are  taken  to 
be  a  function  of  the  incident  overpressure  and 
are  obtained  for  11  values  of  this  parameter. 
Lagrangian  interpolation  is  then  used  to  obtain 
a  slope  for  any  intermediate  value  of  incident 
overpressure,  The  interpolation  procedure  is 
also  used  to  determine  the  angle  of  incidence 
beyond  which  the  linear  approximation  is  valid. 

The  second  feature  apparent  in  the  empir¬ 
ical  plots  retains  to  the  region  near  the 
maxima  of  the  ret  lecteo  overpressure  curves. 
For  values  of  between  the  regular  reflection 

and  the  linear  interpolation  regimes,  the  curves 
have  a  shape  that  can  he  approximated  by  cubic 
polynomials  in  <  .  The  four  boundary  values 


r'(  >A)  =  -J  a  2-?u A  +  3n3nA  (19) 

with  two  corresponding  equations  at  point  A. 
These  four  equations  are  solved  for  the  four 
unknown  coefficients  r^,  i  j ,  •?,  and  . 

The  joining  of  the  regular  reflection 
solution,  the  Cubic  fit,  and  the  linear  fit 
produces  a  continuous  variation  of  reflected 
overpressure  coefficien"  versus  angle  of 
incidence  for  any  specified  incident  over¬ 
pressure.  Resu'ts  of  this  procedure  are  plotted 
in  Figure  6.  while  this  method  of  determining 
the  reflected  overpressure  1  •  relatively  simple, 
it  substantially  reproduces  the  empirical  plots 
as  is  demonstrated  by  comparison  with  exper¬ 
imental  data  (Figure  7). 


THE  CONTOUR  PLOTTING  METHOD 

The  results  of  the  analysis  have  been 
formulated  as  a  computer  code,  BLAST,  which  is 
programmed  in  FORTRAN  7*  and  is  designed  for 
interactive  use  on  graphics  terminals. 

The  method  used  to  plot  the  contours  is 
relatively  standard  and  originated  from  an  ALGOL 
computer  code  [8T.  A  grid  is  constructed 
covering  the  region  of  space  that  is  of  inter¬ 
est.  This  grid  is  comnosed  of  many  small  rec¬ 
tangular  cells.  At  each  corner  of  every  cell  (a 
qridpoint),  the  valup  of  the  function  to  he 
plotted  must  be  xnowo.  Each  contour  value  is 
processed  individually,  i.e.,  all  contours  at  a 
particular  level  are  plotted  before  moving  to 
the  next  level.  The  search  for  contours  at  a 
particular  level  begins  by  locating  all  thp 
contours  that  intersect  the  outside  boundary  of 
the  grid  (open  contours).  The  searcn  along  the 
homdary  progresses  counterclockwise  from  the 
ho*  to-  left  corner  of  the  grid  until  two  adja¬ 
cent  gridpoirts  are  found  that  hound  the  contour 
level.  To  avoid  repeatedly  finding  gnu  plotting 
the  same  cqnt.ou's,  an  additional  reg-ui  -ement  is 
imposed:  foe  larger  functional  values  must  be 

to  toe  right  of  the  intersection  point  of  the 
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Fig.  4.  Reflected  Pressure  Coefficient  vs.  Angle  of  Incidence  for  Various  Incident  Overpressures 
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SHOCK  REFLECTION  COEFFICIENTS 


shock  wave  ancle  of  incidence 

Fig.  6.  Reflected  Pressure  Coefficient  vs.  Angle  of  Incidence  for  Various  Incident  Overpressures, 
Obtained  by  Method  used  in  BLAST 
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Fig.  7.  Comparisons  Between  Reflection  Pressure  Results  Obtained  with  BLAST  and  from  Other  Sources 


contour  and  the  grid  boundary  for  the  point  to 
be  recognized  as  the  beginning  of  a  contour. 
Once  the  beginning  of  a  contour  is  found,  it  is 
followed  cell  by  cell  through  the  grid  by  com¬ 
parison  of  adjacent  grid  points.  The  precise 
path  of  the  contour  across  any  cell  boundary  is 
determined  by  linear  interpolation.  The  co¬ 
ordinates  of  this  interpolated  point  are  passed 
to  a  plotting  subroutine  which  uses  a  commercial 
graphics  package,  OISSPLA,  to  draw  each  line 
segment  on  the  plotting  device.  Because  the 
grid  squares  are  very  small,  there  is  no  percep¬ 
tion  of  the  contour  lines  being  composed  of 
straight  segments. 

After  all  the  open  contours  at  a  particular 
level  are  located  and  plotted,  the  grid  is 
searched  for  closed  contours  at  that  level.  The 
closed  contours,  once  found,  are  followed 
through  the  grid  and  plotted  in  the  same  manner 
as  the  open  contours.  When  plotting  of  the 
closed  contours  is  complete,  the  process  is 
repeated  for  the  next  contour  level. 


RESULTS 

In  Figure  8,  we  present  contour  maps, 
generated  by  BLAST,  of  peak  incident  over¬ 
pressure,  peak  reflected  overpressure,  blast 
wave  time  of  arrival,  and  positive  phase  dura¬ 
tion.  Maps  of  incident  overpressure,  time  of 
arrival,  and  positive  phase  duration  are 
generated  within  thirty  seconds  on  a  VAX 
11/780.  Plots  of  reflected  overpressure  require 
additional  computati ons  and  are  produced  in 
approximately  five  minutes.  The  predictions 
shown  are  for  the  30  inn,  XM230  Chain  Gun.  The 
weapon  is  positioned  parallel  to  the  contour 
plane  with  the  muzzle  0.26  meter  distant  from 
the  origin  of  the  contour  grid.  The  strong 
directional  dependence  of  the  muzzle  blast  field 
is  readily  apparent  in  the  plots  of  incident  and 
reflected  overpressure.  The  contours  of  time  of 
arrival  represent  the  blast  wave  surface  as  it 
propagates  outward  from  the  muzzle.  This  sur¬ 
face  rapidly  becomes  spherical  with  a  center 
displaced  in  the  forward  direction.  The  posi¬ 
tive  phase  duration  map  shows  the  rate  of  in¬ 
crease  of  the  blast  wavelength  to  be  larger  in 
the  forward  direction  than  to  the  rear  of  the 
muzzle. 

To  check  the  validity  of  our  model,  we 
compare  BLAST  predictions  with  experimental 
blast  measurements  obtained  in  a  previous  test 
program  [1j  of  the  31  mm  Chain  Gun.  For  these 
tests,  pressure  transducers  were  mounted  in  a 
linear  array  on  an  aluminum  plate.  The  plate 
was  then  aligned  at  angles  o'  zero  and  minus 
five  degrees  relative  to  the  line  of  fire,  with 
separations  of  0.26  meter  and  0.23  meter  respec¬ 
tively.  For  the  zero  degree  orientation,  data 
were  collected  with  the  transducer  array  aligned 
both  parallel  and  normal  to  the  line  of  fire. 
For  the  minus  five  degree  orientation,  only  the 
parallel  array  alignment  was  used.  In  Figures 
0,  10,  and  11  we  compare  the  experimental 
measurements  of  reflected  overpressure,  time  of 


arrival,  and  positive  phase  duration  for  each  of 
the  three  transducer  orientations.  In  these 
plots  the  abscissa,  S,  denotes  distance  on  the 
plate  surface  measured  from  the  point  on  the 
plate  nearest  the  muzzle.  Negative  values  of  S 
indicate  positions  behind  the  muzzle. 

Figure  9  shows  that  the  peak  reflected 
overpressure  measurements  agree  very  favorably 
with  BLAST  predictions,  particularly  along  the 
line  of  fire.  The  small  plateau  which  is  ap¬ 
parent  in  each  of  the  predicted  curves  denotes 
the  transition  from  regular  reflection  to  Mach 
reflection  of  the  incident  wave.  For  this  blast 
field,  the  effect  appears  too  small  to  be  de¬ 
fined  experimentally.  From  the  plots  of  time  of 
arrival  in  Figure  10,  we  see  that  the  location 
of  minimum  tg  predicted  by  BLAST  is  shifted 

forward  from  the  location  measured  experimental¬ 
ly;  however,  the  shape  of  the  experimental  tfl 

distribution  is  predicted  quite  well.  It  is 
obvious  from  Figure  11  that  there  is  a  definite 
deficiency  in  the  positive  phase  duration 
scaling  relation.  We  note  that  the  expression 
for  t  was  determined  by  fitting  scaled  experi¬ 
mental  data  and  that  the  scatter  in  this  data 
justified  only  a  simple  linear  curve  fit. 
Clearly,  a  more  complete  analysis  is  desirable. 


CONCLUSIONS 

The  muzzle  blast  pressure  distribution  on  a 
surface  located  in  the  vicinity  of  a  cannon  has 
been  calculated.  The  computational  procedure 
accounts  for  shock  reflection  processes  and  is 
based  upon  previously  developed  scaling  rela¬ 
tions  describing  muzzle  blast.  The  approach  is 
formalized  in  a  computer  program,  BLAST,  that 
calculates  and  plots  contour  maps  of  peak  inci¬ 
dent  overpressure,  peak  reflected  overpressure, 
blast  wave  time  of  arrival,  and  positive  phase 
duration.  The  contours  are  plotted  in  a  plane 
having  an  arbitrary  orientation  with  respect  to 
the  gun  tube.  The  overpressure  and  time  of 
arrival  predictions  compare  favorably  with 
experimental  measurements.  The  positive  phase 
duration  is  over-predicted  by  BLAST  due  to 
problems  in  the  scaling  expression  used.  BLAST 
is  completely  interactive  and  requires  only 
minutes  of  computer  (VAX  11/780)  time  to  run. 
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Fig.  11.  Comparison  of  Predicted  Positive  Phase  Duration  with  Experiment 


APPENDIX 


Analysis  for  Obtaining  the  Shock  Wave  Angle  of 
Incidence 

We  wish  to  obtain  the  angle  be.ween  the 
incident  shock  and  the  contour  plane.  In  Figure 
A-l,  A  Js  the  point  of  interest  in  the  contour 
plane,  r  is  the  vector  directed  from  the  muzzle 
to  A,  0  is  the  angle  between  the  horelfne 
and  r,  A  is  the  angle  between  the  boreline  and 
the  contour  plane,  and  h  is  the  distance  from 
the  muzzle  to  the  contour  plane  along  a  line 
normal  to  the  plane. 

We  define  p  as  the  vector  which  is  directed 
from  the  boreline  to  A  and  is  normal  to  the 
shockwave  surface.  We  then  have 


P  =  r  - 


(A-l) 


where  ;  is  a  vector  along  the  boreline  as  shown 

in  Figure  A-l,  The  angle  between  r  and  p  is 
designated  as  n  .  The  components  of  p  are  found 
to  be 


Px  5  (A-2) 

Py  =  y.\  -  (A-3) 

Pz  =  zA  -  isin;  .  (A-4) 

The  magnitude  of  !,  ,  is  found  from  the  law  of 

sir.as : 


where  n  is  the  unit  normal  to  the  contour 
plane.  To  use  Equation  (A-7)  we  must  first 
obtain  £  .  If  n  is  known,  Equation  (A-6)  may  be 
employed  to  find  E  .  The  discussion  below 
describes  hew  »  may  be  found. 

Referring  again  to  Figure  A-l  we  see  that 


tan  n  ,  .  1  (|£)t  (A-8) 


where  (dr/ds ),  denotes  the  derivative  of  r  with 
a 

respect  to  e  along  a  contour  of  time  of  arrival, 
t.  To  obtain  (dr/d2).  the  following  identity 
is  used:  la 


$>  =  -  (£  )  /  (£*)  .  ( A-9 ) 

t,  r  0 


Recall  that 


ta  ■  j~  [X  f (2)  ♦  *  C2  cosu]  (A-10) 


where 


X  =  r/i • ,  Z  =  X 


and 


Si  n  ( 130  -  - 
r 


.  Sin 


•  (A-8) 


t  =  i  u 


Upon  rearrangement,  Equation  (A-8)  becomes 


Hence,  the  chain  rule  may  be  applied  to  yield 
<>t  rita  n  Sta 

=  <jr  W  +  (*-!»> 

r  r  X 


r  S',  n  ’ 
S  i  n  ( 


r  sec 

pair? 

tan 


(A-h) 


at  dt  at 


The  cosine  of  the  ang’e  of  incidence  is  given  bv 


Furthermore,  by  di f ferentia’ 'on,  we  find 


cos  a 


p  •  n 


•  .  ■,  sin  T 


1  P  (p2*p2*p2),/2 

'  x  y  l 


(A-7) 


(~) 


r  di' 

i  .  ,  \2  <Tj 


(^x-^  =  L 

'  or  ‘  .  i. 


(A- 13) 


(A-14) 
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tan  n 


)  -  *j 


'  Tr  W  -  a~  c2  sine  ,  (A-15) 
x  *> 


and 


"  7  -35“  Lta  +  ^TTT 
(1  +  -p1-]— )  si  n8 


(A-21) 


3ta 

(•rp— )  =  0  •  (A-16) 

X 


The  following  result  Is  obtained  from  Reference 
1: 


dta  V  .  X1*1  . 

(777nr) 


(A-17) 


Equations  ( A- 1 l )  and  (A- 12 )  may  now  be  rewritten 
as 


3ta 

r 


_  1  <U‘  f  a“Ca  v  X1*1  . 


V 


C2s1n0 


("18) 


and 


3ta 

<sr\ 


3‘  •  >») 


Substitution  of  Equations  (A- IB)  and  (A-19)  Into 
( A- 9 )  yields 


©t  =^^-ra  (»  + 

♦  C,e'(l  +  x'1'1!  sin:  (A-2D) 

where 


a-la 


~lr 


Final ly  we  obtain 


In  summary,  to  determine  ,  we  first 

compute  n  from  Equation  (A-21).  Equation  (A-6) 
Is  then  used  to  obtain  (,  ,  which  Is  substituted 
into  Equations  (A- 2 )  through  (A-4)  to  determine 

the  components  of  p  .  Finally,  Equation  (A-7) 
Is  used  to  calculate  a,.  This  approach  is  less 
time-consuming  than  direct  computation  of  the 
gradient  of  ta  because  we  make  use  of  dta/dX 

which  Is  available  to  us  from  previous  analysis. 
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Fig.  A-l .  Geometry  of  the  Shock  Wave  Angle  of  Incidence  Calculation 


Discussion 

Mr.  Bennett  (Air  Force  Weapons  Laboratory): 

Could  your  technique  be  applied  to  shock  tubes 
predicting  the  overpressure  coming  out  the  end, 
and  how  It  is  dissipated  over  distance? 

Mr.  Heaps:  Yes,  I  believe  It  can.  The  analysis 
should  apply  equally  well  for  shock  tubes  as 
well  an  guns. 

Mr.  Bennett:  Our  specific  concern  Is  a  shock 
tube  where  che  floor  of  the  shock  tube  Is  at 
ground  level,  so  you  don't  have  a  full,  open 
area  as  you  would  at  the  end  of  a  gun  barrel. 

Mr,  Fansler:  That  problem  ha9  been  addressed  by 
Ed  Schmidt.  It  is  In  an  ALVA  paper. 

Mr.  Fot leo  (Martin  Marietta  Orlando):  Would 
this  technique  be  helpful  In  predicting  the 
pressures  acting  on  the  back  end  of  a  projectile 
as  It  exits  the  gun’  I  know  that  is  a  near- 
fleld  kind  of  pressure,  but  that  has  been  one  of 
the  problems  with  the  fall-off  of  the  pressure 
acting  on  the  base  of  the  projectile. 
Consequently,  you  would  find  the  set-forward 
loading  you  would  get  on  the  Copperhead  and  the 
Navy  guided  projectile. 

Mr.  Heaps :  1  think  It  could  be  used  for  that 

application . 

Mr.  Fansler:  We  looked  at  this  problem  some 
years  ago.  Again,  1  can  give  you  the  reference 
to  that. 
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INTERIM  DESIGN  CRITERIA  AND  ACCEPTANCE 
TEST  SPECIFICATIONS  FOR  BLAST -RES  I  ST ANT  WINDOWS 


Gerald  E.  MeyerB 

Naval  Civil  Engineering  Laboratory 
Port  Hueneme ,  California 

Preliminary  design  criteria  for  blast  resistant  windows  exposed  to  blast 
overpressures  are  recommended.  Design  procedures  and  design  curves  for 
fully  tempered  glass  are  presented  and  parametized  according  to  glass 
thickness,  glass  dimensions,  glass  aspect  ratio,  peak  blast  overpres¬ 
sures,  and  effective  blast  duration  Design  criteria  for  frames  and  a 
test  certification  procedure  are  also  discussed.  Additionally,  various 
materials  to  enhance  the  safety  of  glass,  when  shattered,  are  discussed. 
Finally,  design  examples  are  presented. 


INTRODUCTION 

Historical  records  of  explosion  effects 
demonstrate  that  airborne  glass  fragments  from 
failed  windows  are  often  the  major  cause  of 
injuries  from  explosions.  Also,  failed  window 
glazing  often  leads  to  additional  injuries  as 
blast  pressure  can  enter  interior  building 
spaces  and  subject  personnel  to  high  pressure 
jetting,  incident  overpressure,  secondary  debris 
ispact  and  thrown  body  impact.  These  risks  are 
heightened  in  modern  facilities,  which  often 
have  large  areas  of  glass  for  aesthetic  reasons. 

Guidelines  are  presented  for  the  design, 
evaluation,  and  certification  of  windows  to 
survive  safely  a  prescribed  blast  environment 
described  by  a  triangular-shaped  pressure-time 
curve.  Window  designs  using  thermally  tempered 
glass  baaed  on  these  guidelines  can  be  expected 
to  provide  a  probability  of  failure  equivalent 
to  that  provided  by  current  safety  standards  for 
safely  resisting  wind  loads. 

The  guidelines  are  presented  in  the  form  of 
load  criteria  for  the  design  of  both  the  glass 
panes  and  framing  system  for  the  window.  The 
criteria  account  for  both  bending  and  membrane 
stresses  and  their  effect  on  maximum  principal 
stresses  and  the  nonlinear  behavior  of  glass 
panes.  The  criteria  cev-r  a  broad  range  of 
design  parameters  for  rectangularsnaped  glass 
panes:  a  pane  aspect  ratio  1.00  S  a/'b  5  2.00, 
pane  area  1.0  £  ab  $  25  ft*  ,  and  nominal  glass 
thickness  1/4  S  t  5  1-1/2  inches.  rr_-se:.-  ly, 
the  design  criteria  are  (or  blast  resistant 
windows  with  thermally  treated,  tempered  glass 


INTERIM  DESIGN  CRITERIA  FOR  C.U71NC. 

Glazing  Materials 

The  design  criteria  cover  thermally  tem¬ 
pered  glass  meeting  the  requirements  of  Federal 


Specifications  DD-G-1403B  and  DD-G-451d.  Addi¬ 
tionally,  thermally  tempered  glass  is  required 
to  meet  the  minimum  fragment  weight  requirements 
of  ANSI  297. 1-1984,  Section  5.  1.3(2). 

Annealed  glass  is  the  most  common  form  of 
glass  available  today.  Depending  upon  manufac¬ 
turing  techniques,  it  is  also  known  as  plate, 
float  or  sheet  glass.  During  manufacture,  it  ia 
cooled  slowly.  The  process  results  in  very 
little,  if  any,  residual  compressive  surface 
stress.  Consequently,  annealed  glass  is  of 
relatively  low  strength  when  compared  to  tem¬ 
pered  glass.  Furthermore,  it  has  large  varia¬ 
tions  in  strength  and  fractures  into  dagger¬ 
shaped,  razor-sharp  fragments.  For  these  rea¬ 
sons,  annealed  glass  is  not  recotxnended  for  use 
in  blast  resistant  windows. 

Thermally  tempered  glass  is  the  most  retdi- 
ly  available  tempered  glass  on  the  market.  It 
is  manufactured  from  annealed  glass  by  heating 
to  a  high  uniform  temperature  and  then  applying 
controlled  rapid  pooling  As  the  internal 
temperature  profile  relaxes  towards  uniformity, 
internal  stresses  are  created.  The  outer  layers, 
which  cool  and  contract  first,  are  set  in  com¬ 
pression,  while  internal  layers  are  set  in 
tension  As  it  is  rsre  for  flaws,  which  act  as 
stress  magnifiers,  to  exist  in  tne  interior  of 
tempered  glass  sheets,  the  internal  tensile 
stress  is  of  relatively  minimal  consequence.  As 
failure  originates  from  tensile  stresses  excit¬ 
ing  surface  flaws  in  the  glass,  precompression 
permits  a  larger  load  to  be  carried  before  the 
net  tensile  strength  of  the  tempered  glass  pane 
is  exceeded.  Thermally  tempered  glass  is  typi¬ 
cally  four  to  five  times  stronger  than  annealed 
glass 

Thp  fracture  characteristics  of  tempered 
glass  are  superior  m  tlwsc  of  annealed  glass. 
Due  to  the  high  strain  energy  stored  by  the 
presiress,  tempered  glass  will  eventually  frac¬ 
ture  into  small  cube-shaped  fragments  instead  of 
the  razor-sharp  and  da gge r - shaped  fragments 
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associated  with  fracture  of  annealed  glass. 
Breakage  patterns  of  side  and  rear  windows  in 
American  automobiles  are  a  good  example  of  the 
failure  mode  of  thermally  or  heat-treated  tem¬ 
pered  glass. 

Glass  can  also  be  tempered  chemically  by  a 
bath  process  where  ions  are  exchanged  between 
the  bath  and  the  glass.  Denser  packing  of  the 
molecules  close  to  the  surface  of  glass  plate 
results  and  produces  a  layer  of  compression. 
Precompression  levels  between  10,000  and  50,000 
psi  are  reported  by  industry.  As  the  molecular 
packing  and  precompression  layer  is  usually  not 
deeper  than  0.012  inch  from  each  surface  (com¬ 
pared  with  20  to  22%  of  overall  thickness  from 
each  surface  for  thermally  tempered  glass),  less 
strain  energy  is  stored  in  the  glass  plate  and 
consequently  the  fracture  pattern  resembles  that 
of  annealed  glass. 

A  common  problem  with  some  commercially 
available  chemically  tempered  glass  is  that  the 
precompression  depth  or  case  depth  is  thin' 
enough  (0.001  inch)  to  be  pierced  .by  surface 
flaws  (often  0.004  inch  deep).  If  this  occurs, 
the  surface  flaws  will  penetrate  the  inner 
tensile  layer.  The  resulting  stress  concentra¬ 
tion  about  the  tip  of  the  flaw  in  the  tensile 
regime  of  the  cross-section  will  often  induce 
premature  failure. 

Only  chemically  tempered  glass  with  a 
precompression  depth  greater  than  0.010  inch 
offers  reliable  enough  performance  for  use  in 
blastresistant  design.  Several  types  of  chemi¬ 
cally  tempered  glass  are  now  under  investigation 
by  the  Naval  Civil  Engineering  Laboratory  (NCEL) 
for  future  inclusion  in  blast-resistant  window 
design  criteria. 

If  chemically  tempered  glass  with  a  precom¬ 
pression  greater  than  thermally  tempered  glass 
and  a  deep  enough  precompression  level  can  be 
reliably  produced  at  a  reasonable  cost,  it  may 
be,  as  a  laminated  cross  section  with  polycar¬ 
bonate  as  the  inner  ply,  the  ideal  material  for 
blast-  and  ballistic-resistant  glazing.  Not 
only  will  the  glass  exhibit  more  strength  than 
thermally  tempered  glass,  but  as  it  will  fail  in 
a  manner  similar  to  annealed  glass  with  large 
glass  fragments,  it  will  offer  a  degree  of 
fragment  and  ballistic  resistance.  This  is 
because  the  large  shards  of  glass,  although 
fractured  by  the  first  ballistic  projectile,  are 
held  in  place  by  the  interlaminar  material  and 
can  flatten,  slow  down,  and  tumble  subsequent 
ballistic  projectiles  for  catch  by  the  polycar¬ 
bonate.  The  degree  of  fragment  and  ballistic 
resistance  will  be  related  to  the  cross-sec¬ 
tional  thickness  and  make-up  of  the  laminate. 
Also,  as  a  failed  cross  section  will  resemble  a 
cracked  American  automobile  windshield,  visibil¬ 
ity  will  be  maintained  in  a  failed  or  cracked 
lite.  This  can  be  paramount  if  the  glazing  is 
used  in  a  physical  security  or  other  critical 
setting . 

Semi-tempered  glass  is  often  marketed  as 
safety  or  heat-treated  glass.  However,  it 
exhihits  neither  the  dicing  characteristic  upon 
breakage  nor  the  higher  tensile  strength  associ¬ 
ated  with  fully  tempered  glass.  Semi-tempercd 
glass  is  not  recommended  for  blast  resistant 


windows  unless  it  is  laminated.  If  laminated 
with  polycarbonate  inboard  lites,  semi-tempered 
glass  can  provide  a  degree  of  ballistic  resis¬ 
tance  as  well  as  moderate  blast  resistance. 
Again,  the  degree  of  fragment  and  ballistic 
resistance  will  be  related  to  the  cross-cec- 
tional  thickness  and  make-up  of  the  laminate. 

Another  common  glazing  material  is  wire 
glass,  annealed  glass  with  an  embedded  layer  of 
wire  mesh.  Its  only  use  is  as  a  fire  resistant 
barrier.  Wire  glass  has  the  fracture  and  low 
strength  characteristics  of  annealed  glass  and 
although  the  wire  binds  fragments,  it  presents 
metal  fragments  as  an  additional  hazard.  Wire 
glass  is  never  recommended  for  blast  resistant 
windows . 

The  design  of  blast  resistant  windows  is 
currently  restricted  to  heat-treated  fully-tem¬ 
pered  glass  meeting  both  Federal  Specification 
DD-G-1403B  and  ANSI  Z97. 1-1984.  Tempered  glass 
meeting  only  DD-G-1403B  may  possess  a  surface 
precompression  of  only  10,000  psi.  At  this 
level  of  precompression,  the  fracture  pattern  is 
similar  to  annealed  and  semi-tempered  glass. 
Tempered  glass  meeting  the  minimum  fragment 
specifications  of  ANSI  Z97. 1-1984  (Section 
5. 1.3(2))  has  a  higher  surface  precompression 
level  and  tensile  strength  which  improves  the 
capacity  of  blast  resistant  windows.  Addi¬ 
tionally,  failure  results  in  smaller  cubical¬ 
shaped  fragments. 

Although  thermally  tempered  glass  exhibits 
the  safest  failure  mode,  failure  under  blast 
loading  still  presents  a  significant  health 
hazard.  Results  from  blast  tests  reveal  that 
upon  fracture,  tempered  glass  fragments  may  be 
propelled  in  cohesive  clumps  that  only  fragment 
upon  impact  into  smaller  rock-salt  shaped  frag¬ 
ments.  Even  ii  the  tempered  glass  breaks  up 
initially  into  small  fragments,  sufficient  blast 
pressure  can  propel  the  fragments  at  a  high 
enough  velocity  to  constitute  a  severe  hazard. 
Computer  simulations  at  NCEL  indicate  that  a 
6-psi  blast  pressure  with  an  effective  duration 
of  50  msec  can  eject  glass  fragments  from  a 
54  y.  36  x  3/8-inch  thermally  tempered  lite  at 
speeds  up  to  80  mph.  Also,  biomedical  experts 
report  that  the  58-ft-lb  criterion  for  accept¬ 
able  fragments  should  not  be  applied  to  tempered 
glass  because  of  the  high  likelihood  of  sharp 
edge  and  corner  impact  by  the  fragments.  Lami¬ 
nating  the  glass  with  polyvinyl  butyral,  adding 
a  polycarbonate  inner  ply  or,  in  some  cases, 
applying  a  fragment  retention  film  (discussed  in 
the  Fragment  Protection  Film  section!  to  the 
inside  face  of  the  glass  can  significantly 
improve  safety. 

Design  Stresses 

The  design  stress  is  the  maximum  principal 
tensile  stress  allowed  for  the  glazing.  The 
design  stress  was  derived  Cor  a  prescribed  prob¬ 
ability  of  failure,  using  a  statistical  failure 
prediction  model  similar  to  that  under  develop¬ 
ment  by  the  ASTM  (Committee  KOd ,51).  Thus, 
failure  of  the  glazing  is  assumed  to  occur  when 
the  maximum  principal  tensile  stress  exceeds  a 
design  stress  .associated  with  a  prescribed 
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probability  of  failure.  For  the  full  range  of 
design  parameters  (1.0  $  ab  i  25  ft*,  1.00  $  a/b 
i  2.00  and  1/A  S  t  S  1-1/2  inches),  and  a  stress 
intensity  duration  of  1  second,  the  model  pre¬ 
dicted  a  design  stress  for  tempered  glass  of 
16,000  psi  based  on  a  probability  of  failure 
P(F)  i  0.001. 

These  design  stresses  for  blast  resistant 
glazing  are  slightly  higher  than  those  commonly 
used  in  the  design  for  one-minute  wind  loads. 
However,  these  higher  design  stresses  are  justi¬ 
fied  on  the  basis  of  the  relatively  short  stress 
intensity  duration  (always  considerably  less 
than  one  second)  produced  by  blast  loads. 

Dynamic  Response  to  Blast  Load 

An  analytical  model  was  used  to  predict  the 
blast  load  capacity  of  tempered  glazing.  Char¬ 
acteristic  parameters  of  the  model  are  illus¬ 
trated  in  Figure  1 . 


The  glazing  is  a  rectangular  glass  plate 
having  a  long  dimension,  a,  short  dimension,  b, 
thickness,  t,  poisson  ratio,  v  =  0.22,  and  elas¬ 
tic  modulus,  E  =  10,000,000  psi.  The  plate  is 
simply  supported  along  all  four  edges,  with  no 
in-plane  and  rotational  restraints  at  the  edges 
in  accordance  with  observed  window  boundary 
conditions  (Anians).  The  relative  bending 
stiffness  of  the  supporting  frame  members  is 
assumed  to  be  infinite  relative  to  the  pane. 
Recent  static  load  tests  indicate  that  the 
allowable  frame  member  deflections  in  the  design 
criteria  of  1/26A  of  span  will  not  measurably 
reduce  pane  strength. 

The  blast  pressure  loading  is  described  by 
a  peak  triangular-shaped  pressure-time  curve  as 
shown  in  Figure  lb.  The  blast  pressure  rises 
instantaneously  to  a  peak  blast  pressure,  B,  and 
then  decays  with  a  blast  pressure  duration,  T. 
The  pressure  is  uniformly  distributed  over  the 
surface  of  the  plate  and  applied  normal  to  the 
plate. 
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figure  I .  Characteristic  parameters  for  glass  pane,  blast  loading, 
resistance  function  and  response  model. 
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The  resistance  function  (static  uniform 
load,  r,  versus  center  deflection,  X)  for  the 
plate  accounts  for  both  bending  and  membrane 
stresses.  The  effects  of  membrane  stresses 
produce  nonlinear  stiffening  of  the  resistance 
function  as  illustrated  in  Figure  lc.  The 
failure  deflection,  X  ,  is  defined  as  the  center 
deflection  wbere  the  maximum  principle  tensile 
stress  at  any  point  in  the  glass  first  reaches 
the  design  stress,  f  ,  of  16,000  psi. 

The  model  used  a  single  degree  of  freedom 
system  to  simulate  the  dynamic  response  of  the 
plate,  as  shown  in  Figure  Id.  In  order  to  be 
conservative,  no  damping  of  the  window  pane  is 
assumed.  Future  charts  for  rebound  will  include 
damping  with  the  coefficient  of  critical  damping 
based  on  actual  blast  test  results.  Tne  applied 
load,  P(t),  is  shown  in  Figure  lb.  The  resis¬ 
tance  function,  r(x),  is  shown  in  Figure  Id. 
Given  the  design  parameters  for  the  glazing,  the 
design  or  failure  stress,  f  ,  and  the  blast  load 
duration,  T,  the  model  calculated  the  peak  blast 
pressure,  B,  required  to  fail  the  glazing  by 
exceeding  the  prescribed  probability  of  failure, 
P(F),  of  0.001.  The  model  also  assumed  failure 
to  occur  if  the  center  deflection  exceeded  ten 
times  the  glazing  thickness.  This  restricts 
solutions  to  the  valid  range  of  the  Von  Karmen 
plate  equations  used  to  develop  the  resistance 
function  for  the  glazing  while  also  preventing 
edge  disengagement  of  the  glass  lite. 

Design  Charts 

Charts  are  presented  in  Figures  2  to  21  for 
both  the  design  and  evaluation  of  glazing  to 
survive  safely  a  prescribed  blast  loading  with  a 
probability  of  failure  no  greater  than  0.001. 
The  charts  relate  the  peak  blast  pressure  capac¬ 
ity,  B,  of  thermally  tempered  glazing  to  all 
combinations  of  the  following  design  parameters: 
a/b  =  1.00,  1.25,  1.50,  1.75  and  2.00;  1.00  3  ab 
5  25  ft2;  12  S  b  S  60  inches;  2  S  T  <  1,000 
msec;  and  t  =  1/6,  5/16,  3/8,  1/2,  5/8,  3/6,  1, 
and  1-1/2  inches  (nominal).  Thermally  tempered 
glass  up  to  3/6  inch  thick  can  be  easily  pur¬ 
chased  in  the  United  States.  Only  limited 
quantities  of  1-inch-thick  thermally  tempered 
glass  are  available.  The  1-1/2-inch-thick 
thermally  tempered  glass  is  only  available  in  a 
laminated  format  with  a  polyvinyl  butyral  (PVB) 
inner  layer. 

As  it  is  highly  probable  that  the  extremely 
nigh  strain  rates  associated  with  the  response 
.if  windows  to  blast  loading  will  enable  the 
polyvinyl  butyral  (PVB)  inner  layer  to  transmit 
transverse  or  horizontal  shear  and  result  in  a 
monolithic  behavior  of  the  glass  lite,  the 
design  curves  for  1-1/2-inch-thick  glass  will 
most  likely  be  proved  valid  for  laminated  glass. 
However,  until  planned  blast  load  tests  are 
completed  by  the  Naval  Civil  Engineering  Labora¬ 
tory,  the  blast  load  capacity  for  laminated 
thermally  tempered  glass  should  be  75%  of  the 
posted  value  in  Figures  5,  9,  13,  17,  and  21. 
This  downward  load  caparity  adjustment  is  common 
in  designing  laminated  glass  for  wind  loadings. 

It  is  expected  that,  aircraft  grade  (AG) 
polyvinyl  butyral,  being  stiffer  than  the  more 


common  architectural  grade  (SR),  will  enhance 
monolithic  glass  plate  behavior.  Until  blast 
load  testing  and  evaluation  are  complete,  the 
aircraft  grade  polyvinyl  butyral  is  suggested  as 
the  choice  interlaminar  material. 

Each  chart  has  a  series  of  curves.  Each 
curve  corresponds  to  the  pane  dimension  shown  to 
the  right  of  the  curve.  Adjacent  to  the  pane 
dimension  is  the  value  of  B  (peak  blast  pressure 
capacity)  corresponding  to  T  =  1,000  msec.  The 
posted  value  of  B  is  intended  to  reduce  errors 
when  interpolating  between  curves. 

The  charts  are  based  on  the  minimum  thick¬ 
ness  of  fabricated  glass  allowed  by  Federal 
Specification  DD-G-651d.  However,  the  nominal 
thickness  should  always  be  used  in  conjunction 
with  the  charts,  i.e.,  t  =  1/6  inch  instead  of 
the  possible  minimum  thickness  of  0.219  inch 
used  in  design. 

FRAGMENT  PROTECTION 

In  those  cases  where  it  is  impossible  or 
uneconomical  to  design  for  .omplete  blast  pro¬ 
tection,  the  danger  from  glass  fragments  should 
be  minimized.  Commercial  products  have  been 
developed  which  offer  a  relatively  inexpensive 
method  to  improve  the  shatter  resistance  of 
window  glass  and  significantly  decrease  the 
energy  and  destructive  capability  of  glass 
fragments. 

Laminated  Glass 

In  terms  of  fragment  retention,  a  laminated 
blast-resistant  lite  offers  significant  advan¬ 
tage  over  monolithic  glass.  If  glass  failure 
occurs,  the  polyvinyl  butyral  may  retain  most  of 
the  glass  fragments.  However,  this  is  highly 
dependent  upon  the  post  failure  pressure-time 
history  of  the  blast  loading.  Generally,  a 
greater  margin  of  safety  between  glass  failure 
and  fragment  ejection  exists  for  short-duration 
blast  loads  characterized  by  small  and  close-in 
explosive  charges.  Under  long-duration  blast 
loads  associated  with  large  explosive  charge 
weights,  such  as  munition  storage  areas  or 
nuclear  explosions,  or  under  blast  loads  much 
higher  than  design  a  considerably  smaller  factor 
of  safety  may  be  attributed  to  the  lamination  as 
the  failed  lite  may  be  propelled  as  a  single 
body  into  the  interior  of  the  structure.  How¬ 
ever,  in  this  failure  mode  the  pane  will  proba¬ 
bly  travel  a  smaller  distance  than  the  ejected 
glass  fragments  and  a  smaller  percentage  of  the 
interior  space  will  be  impacted  by  glass  frag¬ 
ments.  Also,  if  a  projectile  passes  through  the 
glass,  most  spalled  glass  fragments  will  be 
retained.  Depending  upon  the  energy  imparted  to 
the  failed  lite  by  the  pressure  time  history  of 
an  explosion,  a  decorative  crossbar  or  grillwork 
may  provide  an  additional  increase  in  safety 
from  a  failed  laminated  glass  lite. 

Environmental  durability  of  polyvinyl 
butyral  is  a  known  and  proven  quantity.  Long¬ 
term  use  in  automobile  and  aerospace  windows 
indicates  that  few,  i  f  any,  problems  of  environ¬ 
mental  degradation  will  be  encountered. 
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Peak  Blast  Pressure,  B  (psi) 


Peak  Blast  Pressure,  B  (psi) 


Figure  3.  Peak  blast  pressure  capacity  for  tempered  glass  panes: 


a/b  =  1.00,  t  =  3/8  and  1/2  in. 
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Peak  Blost  Prmurt,  B  (psi) 
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Duration  of  Blast  Pressure,  T  (msec; 


24x42 
30  x  525 

35x83 

42  x  735 

1000 


rc  14.  Peak  blast  pressure  capacity  for  tempered  glass  panes:  a/b  =  1.75,  t  =  1/4  and  5/16  in. 
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Fragment  Retention  Film 


Another  product,  which  will  enhance  protec¬ 
tion  from  glass  fragments,  is  a  clear  plastic 
(polyester)  film  which  celf-adheres  to  the 
inside  surface  of  window  panes.  The  film  is 
particularly  beneficial  for  retrofitting  previ¬ 
ously  installed  windows.  Typical  films  are 
about  0.002  to  0.006  inch  thick  with  a  self- 
adhesive  face.  The  film  is  often  commercially 
referred  to  as  shatter  resi6tar.t  film,  safety 
film,  or  security  film  Under  short-duration 
blasts,  characterized  by  small  and  close-in 
explosions,  blast  tests  have  indicated  that  the 
film  will  hold  the  glass  in  position  even  though 
the  glass  is  shattered.  Under  long-duration 
blast  loads  relative  to  the  natural  period  of 
vibration  of  the  glass  pane,  or  under  much 
higher  than  design  blast  loads,  it  is  unknown  if 
the  membrane  strength  of  the  film  will  be  ex¬ 
ceeded  and  the  fractured  pane  may  be  propelled 
as  a  single  body.  Consequently,  fragment  reten¬ 
tion  films  with  the  highest  membrane  strength 
should  be  chosen.  Also,  where  new  glass  is 
fitted  with  film  or  where  the  cost-benefit 
ratios  allow  in  retrofitting,  the  film  should  be 
installed  over  the  entire  glass  area  and  into 
the  frame  bite. 

If  a  complete  pane  of  film  reinforced  glass 
is  blown  away  from  its  frame  by  a  higher  than 
design  or  long-duration  biast  wave,  it  may 
travel  as  a  single  piece  while  adhering  to  the 
film.  In  this  configuration,  tests  indicate 
that  it  will  travel  a  shorter  distance  and  the 
individual  fragments  from  unfilraed  glass  and 
will  be  less  hazardous  because  of  the  shielding 
effect  of  the  film  If  a  structural  crossbar  or 
gnllwork,  which  can  be  decorative,  is  secured 
across  the  opening  with  enough  strength  to 
absorb  the  energy  of  impact  from  the  failed 
lite,  the  glass  will  be  prevented  from  being 
propelled  across  a  room  Additionally,  if  a 
projectile  passes  through  the  f  i  lm- reinforced 
glass,  the  glass  immediately  around  the  hole 
will  ordinarily  adhere  to  the  film.  The  result 
is  that  any  fragments  broken  free  by  the  impact 
will  be  fewer  in  number  and  lower  in  energy 
content,  then  without  the  film. 

There  aie  additional  benefits  from  fragment 
retention  film  The  film  can  be  tinted  to 
improve  the  heat  balance  of  the  structure 
Also,  like  laminated  glass,  the  film  affords 
benefits  in  terms  of  physical  security.  Addi¬ 
tionally,  the  film  also  protects  the  inner 
tensile  surface  of  the  glazing  from  scratches 
and  humidity,  thus  reducing  strength  degradation 
of  the  glazing  with  lime  final  lv,  in  tl.e  event 
of  a  multiple  blast  explosion  where  the  glass 
will  be  progressively  weakened  by  the  ei feels  of 
ceramic  fatigue,  fragment  retention  film  ran 
provide  an  additional  factor  of  safety. 

Polycarbonate 

Another  material  that  can  significantly 
enhance  the  fragment  resistance  of  glazing  is  a 
polycarbonate  inner  lite  The  polycarbonate  can 
either  be  laminated  to  the  inboard  side  of  the 
glass,  installed  as  an  inner  pane  in  an  insu¬ 


lated  duol  pane  unit,  or  bolted  across  the 
inside  of  the  frame  as  a  "quick-and-dirty" 
retrofit.  Although  analysis  indicates  that 
polycarbonate,  because  of  its  low  elastic  modu¬ 
lus  relative  to  glass  (1/30),  will  not  measur¬ 
ably  increase  the  strength  of  glass  in  a  lami¬ 
nated  or  composite  lite,  it  will  act  as  a  highly 
effective  spall  shield  and  very  significantly 
increase  resistance  to  fragment  penetration, 
impact,  and  direct  physical  assault.  If  the 
polycarbonate  is  placed  behind  any  of  the 
glasses  that  failed  in  large  shards,  some  bullet 
or  ballistic  resistance  can  be  obtained  Unfor¬ 
tunately,  because  of  the  break  pattern  of  ther¬ 
mally  tempered  glass,  it  is  not  possible  to 
attain  multiple  shot  ballistic  resistance  from 
thermally  tempered  glass  backed  by  polycarbon¬ 
ate.  Chemically  tempered  glass  with  a  deep 
precompression  layer  over  0.010  inch  and  a 
thickness  of  at  least.  1/A  inch  mounted  outboard 
of  the  polycarbonate  will  provide  a  sound  basis 
for  ballistic  as  well  as  blast  design  As  with 
all  ballistic-resistant  windows,  field  tests 
will  be  required  to  find  the  optimum  glass-poly¬ 
carbonate  cross  section. 

Currently  polycarbonate  is  glazed  into  a 
frame  in  a  manner  rimilar  to  glass,  although 
with  a  larger  frame  engagement  or  bite.  In  this 
edge  configuration,  the  polycarbonate  will 
probably  fail  under  blast  load  by  edge  disen¬ 
gagement.  However,  if  a  technology  can  be 
developed  to  adequately  grip  the  polycarbonate 
and  develop  its  ductility  and  membrane  strength, 
the  blast  capacity  of  polycarbonate  increases 
dramatically.  Preliminary  analysis  indicates 
that  a  tenfold  increase  in  blast  resistance  is 
possible.  Research  by  the  author  is  currently 
underway  at  NCEI.  in  this  regard. 

Polycarbonate's  main  disadvantage  is  that 
it  is  subject  to  greater  environmental  degrada¬ 
tion  than  glass,  especially  from  the  effects  of 
abrasion  and  ultraviolet  radiation.  Chemical 
coatings  or  a  layer  of  glass  over  each  exterior 
surface  is  comnonly  used  to  protect  polycarbon¬ 
ates  from  both  abrasion  and  ultraviolet  radia¬ 
tion 

Polycarbonates  are  resistant  to  most  chemi¬ 
cals.  Howevei ,  it  is  susceptible  to  aromatic 
hydrocarbons,  esters,  ketones,  and  acetone 
phenols  . 

Polycarbonate  will  burn  when  a  flame  is 
held  to  it.  However,  it  will  tend  to  extinguish 
itself  when  the  flame  is  removed.  Rated  as  a 
class  CC-1  material,  it  is  much  less  combustible 
than  acrylic  (plexiglass)  However,  local  fire 
codes  should  be  consulted. 

Optical  properties  of  polycarbonate  are 
good,  it  will  transmit  86%  of  entering  light 

Because  polycarbonate  tias  a  temperature 
expansion  coefficient  about  10  times  greater 
than  glass,  it  cannot  be  laminated  to  glass  with 
polyvinyl  butvral.  Instead  it  must  be  laminated 
with  proprietary  urethane  materials,  which  allow 
thermally  induced  sliding  between  glass  and 
pol yea  rbonat e  . 

Currently,  NCF.L  recommends  that  in  situa¬ 
tions  where  glass  fragment  control  is  the  prime 
concern,  polycarbonate  not  he  laminatpd  with  the 
glass  but  rather  be  stacked  behind  the  glass, 


with  or  without  an  air  gap.  Not  only  is  the 
initial  high  cost  of  a  lamination  precluded,  but 
if  the  polycarbonate  degrades  over  time,  it  can 
be  replaced  without  replacing  the  glass.  Also, 
if  the  outer  glass  develops  a  -'rack  or  fracture, 
it  can  also  be  replaced  independently.  In 
situations  where  ballistic  threat  is  also  a 
design  concern,  the  laminated  composite  should 
he  used,  as  it  is  advantageous  to  keep  fractured 
glass  in  place  to  aid  in  flattening,  tumbling, 
and  slowing  bullets. 
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INTERIM  DESIGN  CRITERIA  FOR  FRAME 
Sealants  and  Gaskets 


The  design  load,  r  ,  produces  a  corner  concen¬ 
trated  load,  R,  tending  to  uplift  the  corners  of 
the  window  pare  equal  to: 


The  sealant  and  gasket  design  should  be 
consistent  with  industry  standards  and  should  be 
continuous  around  the  perimeter  of  the  glass 
pane . 

Frame  Loads 

The  window  frame  must  develop  the  static 
design  strength  of  the  glass  pane,  r  ,  given  in 
Table  1.  Otherwise,  the  design  is  inconsistent 
with  frame  assumptions  and  the  peak  blast  pres¬ 
sure  capacity  of  the  window  pane  predicted  from 
Figures  2  to  21  will  produce  a  failure  rate  in 
excess  of  the  prescribed  failure  rate.  This 
results  because  frame  deflections  induce  higher 
principal  tensile  stresses  in  the  pane,  thus 
reducing  the  strain  energy  capacity  available  to 
safely  resist  the  blast  loading. 

In  addition  to  the  load  transferred  to  the 
frame  by  the  glass,  frame  members  must  also 
resist  a  uniform  line  load,  r  ,  applied  to  all 
exposed  members. 

1.  Deflection:  No  frame  member  should 

have  a  relative  displacement  exceeding 
1/26A  of  its  span  or  1/8  inch,  which¬ 
ever  is  less. 

2.  Stress :  The  maximum  stress  in  any 

member  should  not  exceed  f  / 1 . 65 , 
where  f  =  yield  stress  of  the  Members 
materia? . 

3.  Fasteners :  The  maximum  stress  in  any 
fastener  should  not  exceed  f  /2.00. 

y 

The  design  loads  for  the  glazing  are  based 
on  large  deflection  plate  theory,  but  the  re¬ 
sulting  transferred  design  loads  for  the  frame 
are  based  on  an  approximate  solution  of  small 
deflection  theory  for  laterally  loaded  plates. 
Analysis  indicates  this  approach  to  be  con¬ 
siderably  simpler  and  more  conservative  than 
using  the  frame  loading  based  exclusively  on 
large  deflection  membrane  behavior,  character¬ 
istic  of  window  panes.  The  effect  of  the  load 
applied  directly  to  the  exposed  frame  members  of 
width,  w,  should  also  be  considered  According 
to  the  assumed  plate  theory,  the  design  load, 
r  ,  produces  a  line  shear,  V  ,  applied  by  the 
long  side,  a,  of  the  pane  equaf  to: 


R  =  -CR  ru  b2  (3) 

Distribution  of  these  forces,  as  loads  acting  on 
the  window  frame,  is  shown  in  Figure  22.  Table  2 
presents  the  design  coefficients,  C  ,  C  ,  and  CR 
for  practical  aspect  ratios  of  theXwin)iow  pane. 
Linear  interpolation  can  be  used  for  aspect 
ratios  not  presented.  The  loads  given  by  Equa¬ 
tions  1,  2,  and  3  should  be  used  to  check  the 
frame  mullions  and  fasteners  for  compliance  with 
the  deflection  and  stress  criteria  stated  above. 
It  is  important  to  note  that  the  design  load  for 
mullions  is  twice  the  load  given  by  Equations  1 
to  3  in  order  to  account  for  effects  of  two 
panes  being  supported  by  a  common  mullion. 

Special  design  Consideration  should  be 
taken  so  that  the  deflection  of  the  building 
wall  will  not  impose  deflections  on  the  frame. 
Where  it  is  impossible  to  achieve  enough  build¬ 
ing  wall  rigidity,  it  is  recommended  that  the 
frames  be  pinned  to  the  structure  in  a  manner  to 
permit  a  2-degree  wall  rotation. 

Rebound  Stresses 

Under  a  short  duration  blast  load,  the 
window  will  rebound  with  a  negative  (outward) 
deflection.  The  stresses  produced  by  the  nega¬ 
tive  deflection  must  be  safely  resisted  by  the 
window  while  positive  pressures  act  on  the 
window.  Otherwise,  the  window  which  safely 
resists  stresses  induced  by  positive  (inward) 
displacements  will  later  fail  in  rebound  while 
positive  pressure  still  acts.  This  will  propel 
glass  fragments  into  the  interior  of  the  struc¬ 
ture.  However,  if  the  window  fails  in  rebound 
during  the  negative  (suction)  phase  of  the  blast 
loading,  glass  fragments  will  be  drawn  away  from 
the  structure. 

Pebound  criteria  are  currently  not  avail¬ 
able  for  predicting  the  equivalent  static  uni¬ 
form  negative  load  (resistance),  r- ,  that  the 
window  must  safely  resist  for  various  blast  load 
durations.  How? vc r ,  onslycio  iiHirstcr  th3t.  for 
T  i  100  msec,  significant  rebound  does  not  occur 
during  the  positive  blast  pressure  phase  for  the 
range  of  design  parameters  given  in  Figures  2  to 
21.  Therefore,  rebound  can  be  neglected  as  a 
design  consideration  for  T  2  100  msec.  For 
T  <  100  msec,  it  is  recommended  that  the  rebound 
charts  in  NAVFAC  P-397  be  used  to  estimate  r- . 
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Table  1.  Static  Design  Strength,  r  (psl),  for  Tempered  Class* 

u 

(a  “  long  dimension  of  glass  pane  (in.);  b  «  short  dimension  of  glass  pane  (In.)] 

ASPECT  RATIO  -  1.00 


Static  Design  Strength  (psl)  for  a  Window  thickness,  t,  of 


j  1  .0  In. 

3/4  in. 

5/8  In. 

1/2  In. 

3/8  In. 

25x25  1 

191 

26x26 

176 

27x27 

163 

28x28 

152 

29x29 

142 

30x30 

132 

31x31 

124 

32x32 

116 

33x33 

109 

34x34 

103 

35x35 

97.2 

36x36 

91.9 

37x37 

87.0 

38x38 

00 

KJ 

V/3 

39x39 

78.3 

40x40 

74.4 

41x41 

7C.8 

42x42 

67.5 

4  3x4  3 

64.4 

44x44 

61.5 

45x45 

58.8 

46x46 

56.3 

47x47 

53.9 

4  8x48 

51.7 

49x49 

49,6 

50x50 

47.6 

51x51 

45.8 

52x52 

44.0 

53x52 

42.4 

b  4  x b  4 

40.8 

55x55 

39.4 

j  56x56 

;  38.0 

|  57x57 

|  36.7 

■  5  P  v  r,  k 

1  ?• s  ,  A 

|  59x59 

|  34.2 

;  60x60 

1 _ 

j  33.! 

86.3 

47.5 

32.4 

21.2  1 

13.8 

10.1 

7.43 

79.8 

43.9 

30.0 

19.7 

13.4 

9.39 

7.00 

74.0 

40.7 

27.9 

18.5 

12.9 

8.80 

6.62 

68.8 

37.9 

26.2 

17.4 

12.8 

8.26 

6.22 

64.1 

35.3 

24.6 

16.4 

12.6 

7.78 

5.86 

59.9 

33.0 

2  3.2 

15.4 

12.6 

7.39 

5.53 

56.1 

30.9 

21.9 

14.6 

12.0 

7.04 

5.22 

52.7 

29.0 

20.8 

14.2 

11.3 

6.71 

4.94 

49.5 

27.4 

19.7 

13.8 

10.6 

6.39 

4.69 

46.7 

26.0 

18.7 

13.5 

10. 0 

6.07 

4.45 

44.0 

24.8 

17.8 

13.2 

9.50 

5.77 

4.23 

41.6 

23.6 

17.0 

12.8 

9.05 

5.50 

4.04 

39.4 

22.5 

16.2 

12.7 

8.63 

5.24 

3.86 

37.3 

21.5 

15.4 

12.7 

8.24 

5.01 

3.69 

35.5 

20.5 

14.8 

12.6 

7.88 

4.79 

3.53 

33.7 

19.7 

14.4 

12.5 

7.57 

4.58 

3.39 

32.1 

18.8 

1  *♦  •  l 

1  1  .9 

7.30 

4.39 

3.25 

30.6 

18.1 

13.8 

11.4 

7.04 

4.21 

3.12 

29.2 

17.3 

13.5 

10.9 

6.80 

4.05 

3.00 

27.9 

16.7 

13.2 

10.4 

6.56 

3.90 

2.89 

26.8 

16.0 

13.0 

9.99 

6.32 

3.75 

2.78 

25.8 

15.4 

12.9 

9.59 

6.08 

3.62 

2.68 

24.9 

14.9 

12.8 

9.24 

5.86 

3.49 

2.58 

24.0 

14.5 

12.7 

8.91 

5.65 

3.37 

2.49 

23.2 

14.2 

12.6 

8.59 

5.45 

3,25 

2.4! 

22.4 

14.0 

12.6 

8.30 

5.27 

3.15 

2.33 

21.6 

13.7 

12.4 

8,02 

5.09 

3.04 

2.25 

20.9 

13.5 

11.9 

7.76 

4.92 

2.95 

2.18 

20.2 

13.3 

11.5 

7.54 

4,76 

2.85 

2.11 

19.6 

13.1 

11.1 

7.  >3 

4 , 61 

2.77 

2.05 

19.0 

12.9 

10.7 

7.13 

4.47 

2.68 

.99 

18.4 

12.8 

10.3 

6.94 

4.33 

2.60 

1.93 

17.8 

12.7 

9.99 

6.76 

4.20 

2.63 

1  .87 

17,9 

17.7 

q .  66 

6. 69 

4.08 

2.45 

1  .82 

16.8 

12.6 

9.38 

6.40 

3.97 

2.38 

1.77 

16.3 

12.6 

9.  1 1 

6.22 

3.85 

2.32 

1.72 

‘Panes  to  the  right  and  Splnu  stepped  dividing  line  exhibit  membrane  behavior  at  design 
1 oads . 
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Table  1.  Continued* 


long  dimension  of  glass  pane  (In.);  b  “  short  dimension  of  glass  pane  (In.)) 


ASPECT  RATIO  -  1.25 


Static  Design  Strength  (psi)  for  a  Window  Thickness,  t,  of 


3/4  in. 

5/8  in. 

1/2  in. 

3/8  in. 

5/16  In. 

1/4  In. 

617 

280 

154 

105 

13x16.25 

526 

238 

131 

89.5 

14x17.5 

454 

205 

113 

77.2 

15x18.75 

395 

179 

98.5 

67.2 

16x20 

347 

157 

86.6 

59.1 

17x21.25 

308 

139 

76.7 

52.4 

18x22.5 

274 

124 

68.4 

46.7 

19x23.75 

246 

112 

61.4 

41.9 

20x25 

222 

101 

55.4 

37.8 

21x26.25 

202 

91.3 

50.3 

34.3 

22x27.5 

184 

83.2 

45.8 

31.3 

23x28.75 

168 

76.1 

41.9 

28.6 

24x30 

154 

69.9 

38.5 

25.3 

25x31.25 

142 

64.4 

35.5 

24.2 

26x32.5 

132 

59.6 

32.8 

22.4 

27x33.75 

122 

55.2 

30.4 

20.8 

28x35 

113 

51.4 

28.3 

19.5 

29x36.25 

106 

47.9 

26.4 

18.4 

30x37.5 

99.0 

44.7 

24.6 

17.4 

31x38.75 

92.5 

41 .9 

23.1 

16.4 

32x40 

86.8 

39.3 

21.7 

15.6 

33x41.25 

81.6 

37,0 

20.4 

14.9 

34x42.5 

76.9 

34.8 

19.4 

14.2 

35x43.75 

72.6 

32.9 

18.5 

13.6 

36x45 

68.6 

31.1 

17.6 

13.1 

37x46.25 

64.9 

29.4 

16.8 

12.7 

38x47.5 

61.6 

27.9 

16.1 

12.3 

39x48.75 

58.5 

26.5 

15.5 

11.8 

40x50 

55.6 

25.2 

14.8 

11.4 

41x51.25 

52.9 

24.0 

14.3 

11.0 

42x52.5 

50.4 

22.8 

13.8 

10.6 

43x53.75 

48.1 

21  .8 

13.4 

10.3 

44x55 

45.9 

20.8 

13.0 

10.2 

45x56.25 

43.9 

20.0 

12.6 

10.0 

46x57.5 

42.0 

19.3 

12.3 

9.87 

47x58.75 

40.3 

18.6 

11.9 

9.80 

48x60 

38.6 

17.9 

11.5 

9.  79 

49x61.25 

37.0 

17.3 

11.2 

9.78 

50x62.5 

35.6 

16.7 

10.9 

9.77 

51x63.75 

34.2 

16.2 

10.6 

9.74 

52x65 

32.9 

15.7 

10.3 

9.70 

53x66.25 

31.7 

15.3 

10.2 

9.67 

•Panes  to  the  right  and  below  stepped  dividing  line  exhibit  membrane  behavior  at  design 
loads . 
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Table  1.  Continued* 

(a  -  long  dimension  of  glass  pane  (In.);  b  «  short  dimension  of  glass  pane  (In.)) 


ASPECT  RATIO  -1.50 


R9 

Static  Design  Strength 

(psi)  for 

a  Window  Thickness. 

t,  of  — 

Iwl 

1.5  In. 

1.0  In. 

3/4  In. 

5/8  In. 

1/2  in. 

3/8  In. 

5/16  in. 

1/4  In. 

12x18 

493 

223 

123 

83.8 

52.3 

29.9 

16.3 

11.9 

13x19.5 

420 

190 

105 

71.4 

44.5 

25.5 

13.9 

10.5 

14x21 

362 

164 

90.2 

61.6 

38.4 

22.0 

12.3 

9.43 

15x22.5 

315 

143 

78.6 

53.6 

33.4 

19.2 

11.1 

8.88 

16x24 

277 

125 

69.1 

47.2 

29.4 

16.8 

10.0 

8.26 

17x25.5 

245 

Ill 

61 .2 

4  IS 

26.0 

14.9 

9.31 

8.14 

18x27 

219 

99.1 

54.6 

37.3 

23.2 

13.3 

8.85 

8.02 

19x28.5 

196 

89.0 

49.0 

33.4 

20.8 

12.3 

8.84 

7.90 

20x30 

177 

80.3 

44.2 

30.2 

18.8 

11.4 

7753 

7.78 

21x31.5 

161 

72.8 

40.1 

27.4 

17.1 

10.6 

7.81 

7.62 

22x33 

147 

66.4 

36.5 

24.9 

15.6 

9.86 

7.80 

7.03 

23x34.5 

134 

60.7 

33.4 

22.8 

14.2 

9.32 

7.77 

6,45 

24x36 

123 

55.8 

30.7 

21.0 

13.1 

8.98 

7.77 

5.95 

25x37.5 

113 

51.4 

28.3 

19.3 

12.4 

8.64 

7.63 

5.50 

26x39 

105 

47.5 

26.2 

17.9 

11.7 

8.24 

7.19 

5.10 

27x40.5 

97.3 

44.1 

24.3 

16.6 

11.0 

7.86 

6.69 

4.74 

28x42 

90.5 

41.0 

22.6 

15.4 

10.4 

7.85 

6.24 

4.42 

29x43.5 

84.3 

38.2 

21.0 

14.4 

.89 

7.85 

5.83 

4.14 

30x45 

78.8 

35.7 

19.7 

13.4 

9.42 

7.84 

5.47 

3.88 

31x46.5 

73.8 

33.4 

18.4 

12.8 

TaI 

7.83 

5.13 

3.64 

32x48 

69.3 

31.4 

17.3 

12.2 

8.91 

7.82 

4.83 

3.43 

33x49.5 

65.1 

29.5 

16.2 

11.6 

8.65 

7.72 

4.55 

3.27 

34x51 

61.4 

27.8 

15.3 

11. 1 

8.34 

7.62 

4.30 

3.13 

35x52.5 

57.9 

26.2 

14.4 

10.6 

8.05 

7.28 

4.07 

3.00 

36x54 

54.7 

24.8 

13.6 

10.2 

8.02 

6.90 

3.85 

2.87 

37x55.5 

51.8 

23.5 

13.0 

9.78 

7.99 

6.55 

3.66 

2.74 

38x57 

49.1 

22.2 

12.5 

9.42 

7.96 

6.22 

3.47 

2.61 

39x58.5 

46.6 

21.1 

12.0 

9.21 

7.93 

5.92 

3.33 

2.50 

40x60 

44.3 

20.1 

11.6 

9.01 

7.91 

5.64 

3.21 

2.39 

41x61.5 

42.2 

19.1 

11.2 

8.82 

7.88 

5.38 

3.09 

2.29 

42x63 

40.2 

18.2 

10.8 

8.60 

7.85 

5.13 

2.98 

2.19 

43x64.5 

38.4 

17.4 

10.4 

8.35 

7.77 

4.91 

2.88 

2.10 

44x66 

76.6 

16.6 

10.  1 

8.12 

7.69 

4.70 

2.77 

2.02 

45x67.5 

35.0 

15.9 

9.71 

7.90 

7.62 

4.50 

2.66 

1.94 

46x69 

33.5 

15.2 

9.42 

7.69 

7.35 

4.31 

2.56 

1  .86 

47x70.5 

32.1 

14.5 

9.25 

7.62 

7.06 

4.14 

2.47 

1  .79 

48x72 

30.8 

13.9 

9.08 

7.55 

6.78 

3.97 

2.38 

1.73 

♦Panes  to  the  right  and  below  stepped  dividing  line  exhibit  membrane  behavior  at  design 
loads . 
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Table  1.  Continued* 


i 

(a  «  long  dimension  of  glass  pane  (in.);  b  -  short  dimension  of  glass  pane  (in.)) 


Class 
Size , 
b  x  a 
(in.) 


1.5 


ASPECT  ItATICi  -  1.75 


Static  Design  Strength  (pal)  for  a  Window  Thickness,  t,  of 


1.0  in. 

3/4  in.  j 

5/8  in. 

1/2  In. 

3/8  in. 

5/16  in. 

12x21 

436 

197 

109 

74.2 

46.3 

26.5 

14.4 

10.2 

13x22.75 

372 

168 

92.6 

63.2 

39.4 

22.6 

12.3 

8.91 

14x24.5 

320 

145 

79.9 

54.5 

34.0 

19.5 

10.6 

8.01 

15x26.25 

279 

126 

69.6 

47.5 

29.6 

17.0 

9.46 

7.32 

16x28 

245 

111 

61.2 

41.7 

14.9 

8.52 

6.83 

17x29.75 

217 

98.4 

54.2 

37.0 

23.0 

13.2 

7.65 

6.36 

18x31.5 

194 

87.8 

48.3 

33.0 

20.6 

11.8 

7.30 

5.93 

19x33.25 

174 

78.8 

43.4 

29.6 

18.5 

10.6 

6.88 

5.76 

20x35 

157 

71.  1 

39.  1 

26.7 

16.7 

9.71 

6.49 

5.73 

21x36.75 

142 

64.5 

35.5 

24.2 

15.1 

8.96 

6.12 

5.70 

22x38.5 

130 

58.8 

32.4 

22.1 

13.8 

8.36 

5.84 

5.68 

23x40.25 

119 

53.8 

29.6 

20.2 

12.6 

7.87 

5.73 

5.57 

24x42 

49.4 

27.2 

18.6 

11.6 

7.43 

5.71 

5.27 

25x43.75 

100 

45.5 

25.1 

17.1 

10.7 

7.11 

5.70 

5.00 

26x45.5 

92.9 

47.1 

73.7 

15.8 

9.97 

6.81 

5.69 

4.67 

27x4  7.25 

86.2 

39.0 

21.5 

14.7 

9.37 

6.52 

5.66 

4.35 

18x49 

80.1 

36.3 

20.0 

13.6 

8.83 

6.24 

5.45 

4.05 

29x50.75 

74.7 

33.8 

18.6 

12.7 

8.38 

5.98 

5.21 

3.79 

30x52.5 

69.8 

31.6 

17.4 

11.9 

8.01 

5.82 

4.98 

3.56 

31x54.25 

65.4 

29.6 

16.3 

11. 1 

7.66 

5.74 

4.70 

3.36 

32x56 

61.3 

27.8 

15.3 

10.4 

7.35 

5.73 

4.43 

3.17 

33x57.75 

57.7 

26.  1 

14.4 

9.93 

7. 1  I 

5.71 

4.17 

34x59.5 

j  54.3 

24.6 

13.5 

9.46 

6.89 

5.70 

3.94 

2.85 

35x61.25 

51.3 

23.2 

12.8 

9.02 

6.67 

5.69 

3.73 

2.72 

36x63 

48.5 

21.9 

12.1 

8.62 

6.45 

5.67 

3.54 

37x64.75 

45.9 

20.8 

11.4 

8.30 

6.24 

5.63 

3.37 

2.49 

38x66.5 

43.5 

19.7 

10.8 

8.00 

6.04 

5.44 

3.21 

2.37 

39x68.25 

41.3 

18.7 

10.3 

7.73 

5.87 

5.26 

3.06 

2.26 

40x70 

39.3 

17.8 

9.91 

7.97 

5.80 

5.09 

2.93 

2.  16 

41x71.75 

37.4 

16.9 

9.52 

7.26 

5.74 

4.91 

2.8? 

2.06 

42x73.5 

35.6 

16. 1 

9.15 

7.07 

5.72 

4.71 

2.71 

1.97 

43x75.25 

34.0 

15.4 

8.8! 

6.90 

5.70 

4.50 

2.6! 

1.89 

44x77 

32.4 

14.7 

6.73 

5.69 

4.30 

2.51 

1.81 

45x78.75 

31.0 

8.24 

6.55 

5.70 

4.12 

2.42 

1.74 

*Panes  to  the  right  and  below  stepped  dividing  line  exibit  membrane  behavior  at  design 
loads . 
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Table  1.  Continued* 

[a  *  long  dimension  of  glass  pane  (in.);  b  ■  short  dimension  of  glass  pane  (ln.)l 

ASPECT  RATIO  -  2.00 

^8SS  Static  Design  Strength  (psl)  for  a  Window  Thlcknesa,  t,  of  — 


12x24 
13x26 
14x28 
15x30 
16x32 
■"  34 
18x36 
19x38 
20x40 
21x42 
22x44 
23x46 
24x43 
25x50 
26x52 
27x54 
28x56 

29x58 

30x60 

31-62 

32x64 

33x66 

34x68 


35x70 


1.0  In.  3/4  In.  i  3/8  In. 


/2  In.  3/8  lr. 


5/16  In 


5. 

.40 

5. 

.03 

4. 

.71 

**  , 

.56 

.07 

4.37  3. 

.86 

4.31  3. 

.67 

4.25  3. 

.58 

4. OR  2. 

.52 

3.85  2. 

.47 

3.64  2. 

.41 

3.44  2. 

.40 

3.26  2. 

.39 

3.11  2. 

.38 

2.97  2. 

.37 

2.84  2. 

.34 

2.72  1. 

.30 

2.60  1. 

.25 

2.50  !. 

•Panes  to  the  right  and  below  stepped  dividing  line  exhibit  membrane  behavior  nc  design 
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Figure  22  Distribution  of  liicnl  losd  transmuted  by  glut  psne 
to  the  window  frame. 


Table  2.  Coefficients  for  Frame  Loading 


a/b 

1 

r  1 

K 

c 

,x 

r 

"y 

1.00 

0.065 

0  995 

0.995 

1 .10 

0.070 

0.516 

0.516 

1.20 

0.079 

0.535 

0  533 

j  1.30 

0.079 

0.559 

0.551 

l  1.90 

0  083 

0.570 

0. 562 

|  1.30 

0.085 

0.581 

0.379 

1  1.60 

| 

0.086 

0.590 

0.56.3 

i  1  .  -0 

0.088 

0.600 

0.591 

|  1.80 

0.090 

0  609 

•  0.600 

j  1.90 

|  0.091 

0 . 6  i  b 

!  0.607 

2.00 


0.092 


I 


0.62  3 


0.619 


ij  ■  .«e‘  A' K- Jjr  ^  . 
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CERTIFICATION  TESTS 

Certification  testa  of  the  entire  window 
assembly  are  required  unleaa  analysis  demon¬ 
strate*  that  the  window  design  la  consistent 
with  assumptions  used  to  develop  the  design 
criteria  presented  in  Figures  2  to  21.  The 
certification  teats  consist  of  applying  static 
unlforai  loads  on  at  least  two  sas^ile  window 
assemblies  until  failure  occur*  in  either  the 
tempered  glass  or  fraaie.  Although  at  least  two 
static  uniform  load  tests  until  aample  failure 
are  required,  the  acceptance  criteria  presented 
below  encourage  a  larger  number  of  test  samples. 
The  number  of  samples,  beyond  two,  is  left  up  ».o 
the  vendor  Results  from  all  tests  shall  be 
recorded  in  the  calculations.  All  testing  snail 
be  performed  by  sn  independent  and  certified 
testing  laboratory. 

A  probability  of  failure  under  teating  of 
leas  than  0.025  with  a  confidence  level  of  901 
is  considered  sufficient  proof  for  acceptance. 
This  should  substantiate  a  design  probability  of 
failure,  P(F) ,  under  the  design  blast  load  of 
0.001. 

Test  Procedure  -  Window  Assembly  Tea t 

The  test  windows  (glass  panes  plus  support 
frames)  shall  be  identical  in  type,  size,  seal¬ 
ant,  and  ^instruction  to  those  furnished  by  the 
window  manufacturer.  The  franc  assembly  in  the 
teat  aetup  ahall  be  secured  by  boundary  condi¬ 
tions  that  simulate  the  adjoining  walls.  Using 
either  a  vacuum  or  u  liquid-filled  bladder,  an 
increasing  uniform  load  shall  be  applied  to  the 
entire  window  assembly  (glass  and  frame)  until 
failure  occurs  in  either  the  glass  or  frame. 
Failure  shall  be  defined  aa  either  breaking  of 
glass  or  loss  of  frame  resistance.  The  failure 
load,  r,  shall  be  recorded  to  three  significant 
figures.  The  losd  should  le  applied  at  a  rate 
of  0.5  r  per  minute  which  corresponds  to  ap¬ 
proximately  one  minute  of  significant  tensile 
stress  duration  until  failure.  Table  1  presents 
the  static  design  resistance,  r  ,  for  old  tem¬ 
pered  glass  correlated  with  a  probability  of 
failure,  P(F),  ~  0.001  and  a  stress  intensity 
duration  of  1  second.  However,  new  glass  will 
be  tested  under  a  loading  where  the  duration  of 
significant  net  tensile  stress  will  be  about 
1  minute  The  longer  duration  of  loading  will 
weaken  the  glass  through  ceramic  fatigue,  while 
the  use  of  new  glass  will  tend  to  induce  failure 
st  a  higher  load  capacity.  In  ordei  to  account 
for  these  variations  from  design  conditions,  the 
static  load  capacity  of  a  glass  pane  for  certi¬ 
fication  testing,  r^,  is  calculated  as: 


Acceptance  Criteria 

The  window  assembly  (frame  and  glazing)  are 
considered  acceptable  when  the  arithmetic  mean 
of  all  the  samples  tested,  r,  is  such  that: 


r  2  r  ♦  *  a 

s 


where:  -  static  load  capacity  of  the  glass 

pane  for  certification  testing 

a  =  sample  standard  deviation 

a  =  acceptance  coefficient 


For  n  test  samples,  r  it  defined  at: 
n 

;  .  S  !i 

n 


where  ?.  ii  the  recorded  failure  loid  of  the  1 
test  sample.  The  standard  sample  deviation,  s, 
is  defined  as: 


, .  i fk  «■  - 

*  -  r - ln~  ll 


The  minimum  value  of  the  sample  standard 
deviation,  *,  permitted  to  be  employed  In  Equa¬ 
tion  5  is: 


•  .  =  0.  145  r 

min  a 


This  assures  a  sample  standard  deviation  no 
better  than  ideal  tempered  glass  in  ideal 
frames . 

The  acceptance  coefficient,  a,  is  tabulated 
in  Table  3  for  the  number  of  samples,  n,  tested. 

As  an  aid  to  the  tester,  the  following 
informational  equation  it  presented  to  aid  in 
determining  if  additional  test  samples  are 
justified.  If: 


i  a  r  '  t  P 


then  with  90%  confidence,  the  design  will  not 
prove  to  be  adequate  with  additional  testing. 
The  rejection  coefficient,  0,  is  obtained  from 
Table  3. 

Rebound  Teats 

The  window  that  passes  the  window  assembly 
test  is  an  acceptable  design  if  the  window 
assembly  design  is  symmetrical  about  the  plane 
of  the  glass  or  if  the  design  blast  load  dura¬ 
tion,  T,  exceeds  100  msec.  Otherwise,  the 
window  design  must  pass  a  rebound  load  test  to 
prove  that  the  window  assembly  can  develop  the 
necessary  strengtn  to  resist  faiiuit-  during  Liie 
reDound  phase  of  response.  The  rebound  tests 
shall  be  conducted  using  a  procedure  similar  to 
the  window  assembly  tests,  except  r-  shall  be 
substituted  for  r  in  Equations  4,  8  and  9  and 
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Table  3.  Statistical  Acceptance  and  Rejection 
Coefficient* 


Number  of  Window 
Assemblies 

Acceptance 

Coefficient 

Rejection 

Coefficient 

a 

a 

2 

C.  1C 

.546 

3 

3.05 

.871 

4 

2.78 

1  14 

5 

2.65 

1.27 

6 

2.56 

1.36 

7 

2.50 

1.42 

8 

2.C6 

1.48 

9 

2.C2 

1.49 

10 

2.39 

1.52 

n 

2.37 

1.54 

12 

2.35 

1.57 

13 

2.33 

1.58 

1C 

2.32 

1.60 

15 

2.31 

1.61 

16 

2.30 

1.62 

17 

2.28 

1.64 

18 

2.27 

1.65 

19 

2.27 

1.65 

20 

2.26 

1.66 

21 

2.25 

1.67 

22 

2.24 

1.68 

23 

2.2C 

1.68 

24 

2.23 

1.69 

25 

2.22 

:  i.7o 

30 

2.19 

1  .  72 

CO 

2.17 

1  .  75 

50 

2.14 

1  .  77 

the  uniform  Load  shall  be  applied  on  the  inside  Preliminary  Validation 

surface  of  the  window  assembly.  The  loading 

rate  shall  be  0.5  r  per  minute.  Presently,  an  adequate  data  base  for  the 

evaluation  and  validation  of  blast  resistant 
Installation  Inspection  window  design  criteria  has  yet  to  be  developed. 

In  FY86,  NCEL  plans  blast  load  validation  tests 
A  survey  of  past  glazing  failures  indicates  on  blast  resistant  windows.  However,  the  pro- 

that  improper  installation  of  setting  blocks,  posed  blast  resistant  window  design  criteria 

gaskets  or  lateral  shims,  or  poor  edge  bite  is  a  appear  to  be  conservative  hen  compared  to  the 

signi  'leant  cause  of  failure  because  of  the  existing  blast  load  test  data  on  tempered  glass 

resultant  unconaervative  support  conditions.  In  (Weissman,  et  al). 

order  to  prevent  premature  glass  failure,  a  The  design  criteria  are  compared  to  test 

strenuous  quality  control  program  is  required.  data  from  explosive  load  tests  of  tempered  glass 


in  Table  4.  As  a  statistically  significant  data 
base  does  not  exist,  the  data  should  only  be 
used  for  orientation.  With  this  perspective  in 
Bind,  no  evidence  of  invalidation  of  the  design 
criteria  is  apparent.  Significantly,  some  glass 
failures  in  the  tests  are  clearly  induced  by 
prenature  frame  failure. 

The  blast  load  capacity  design  criteria 
assume  that  the  glass  has  not  been  exposed  to 
more  than  one  explosive  load.  Because  each 
large  stress  experience  resulting  from  an  explo¬ 
sive  load  will  expand  the  microscopic  flaw 
network  or  flaw  web  in  the  glass,  the  glass,  in 
a  probabilistic  sense,  will  be  weaker  after  each 
explosive  episode.  As  most  of  the  explosive 
glass  tests  in  Table  4  are  repeated  until  fail¬ 
ure,  an  unspecified  reduction  in  the  survivable 
blast  load  is  most  likely  exhibited  by  the  test 
results  in  Series  II. 

A  partial  analytical  check  is  also  made  on 
the  presented  design  curves  (Figures  2  to  21). 
A  comparison  with  an  energy  method  solution  for 
extremely  long-duration  (but  instantly  applied) 
blast  loads  is  presented  in  Table  5.  The  NCEL 
design  load  criteria  presented  in  Table  5  are 
based  upon  an  effective  blast  load  duration,  T, 
of  1,000  msec.  At  durations  of  this  magnitude, 
the  ratio  of  blast  duration,  T,  to  the  natural 
period  of  vibration  of  the  glass  pane,  T  ,  is 
large  enough  to  be  considered  infinite. 

Table  5  also  presents  the  static  design 
strength,  r^,  of  each  of  the  panes.  It  is 


extremely  significant  to  note  that  in  glass 
lites  where  membrane  action  is  developed,  the 
blast  ^oad  capacity  of  the  lite  is  considerably 
less  than  one-half  the  static  load  capacity  of 
the  lite.  In  other  words,  in  a  glass  lite  with 
a  small  thickr.ess-to-short-side  ratio,  t/b,  an 
assumption  of  a  usually  conservative  dynamic 
increase  factor  of  two  can  be  very  unconserva¬ 
tive.  This  is  the  case  with  all  glass  panes  to 
the  right  or  below  the  stepped  dividing  line  in 
Table  1. 

As  orientation,  the  design  center  deflec¬ 
tion,  Xu,  the  effective  linear  stiffness,  ke^, 
and  the  natural  period,  T  ,  of  each  plate  are 
also  reported.  A  technical  *cliscussion  of  Table  5 
is  presented  in  the  appendix. 


SAMPLE  PROBLEMS 

The  following  examples  demonstrate  the 
application  of  the  design  criteria  in  the  design 
and  evaluation  of  windows  to  safely  survive 
blast  overpressures  from  explosions. 

Problem  1 — Evaluation  of  Tempered  Glass  Panes 

Given:  A  control  room  at  a  bomb  practice 
range  has  tempered  glass  windows  meeting  both 
Federal  Specification  DD-G-1403B  and  the  minimum 
fragment  requirement  of  ANSI  Z97. 1-1984.  The 
dimensions  of  the  pane  are:  a  =  48  inches. 


Table  A.  Measured  and  Predicted  Dynamic  Strength  of 
Windows  Subjected  to  Dynamic  Blast  Loads 


Window 

Blast 

Parameters 

NCEL  Design 
Prediction 

Comments 

a 

(in. ) 

c 

( in.  ) 

a/b 

t 

(in. ) 

mm  4: 

HU 

m 

B 

(psi) 

T 

(msec) 

A3. 25 

28.375 

1.52 

1  /A 

tempered 

4.4 

A5 

1.75 

A5 

ARRADC0M  dynamic  test  no.  5,  Series  I. 
Glass  survived  (Ref  2). 

42 . 75 

■C' 

o 

o 

1  .  3A 

1/A 

tempered 

4. A 

A5 

0.91 

A5 

ARRADCOM  dynamic  test  no.  5,  Series  I. 
Glass  survived. 

62.75 

A7 .00 

1 -3A 

1/A 

tempered 

A. A 

A5 

0.91 

A5 

ARRADC0M  dynamic  test  no.  5,  Series  I. 
Glass  failed. 

A3. 25 

28.375 

1.52 

1/4 

tempered 

A. A 

A5 

1.75 

A5 

ARRADCOM  dynamic  test  no.  5,  Series  I. 

Glass  survived. 

43.25 

28.375 

1  .52 

3/8 

tempered 

A. A 

A5 

3.A5 

A5 

ARRADCOM  dynamic  test  no.  5,  Series  I. 

Glass  survived. 

62.75 

A7.00 

1  .  3A 

I/A 

tempo  red 

4 . 4 

A5 

0.91 

A5 

ARRADC0M  dynamic  test  no.  5,  Series  I. 

Glass  survived. 

62.75 

47.00 

1  .  3A 

1/8 

tempered 

A.  A 

A5 

1 . 96 

A  5 

ARRADC0M  dynamic  test  no.  5,  Series  I. 

Glass  survived. 

A  1.25 

28.375 

1  .52 

1/4 

tempered 

1 .0 

A  8 

1  .  75 

48 

AKRADCOM  test  no,  1 ,  Scries  I 1 .  Tempered 
>'Jns.s  in  a  lum  inum  frame  survived. 

A3. 25 

28.  175 

1.52 

1/4 

t  rmprred 

1.2 

50 

1  .75 

5u 

ARRADCOM  test  no.  2,  Series  II.  Glass 
la i lure  occurred  due  to  frame  distortion. 

A3. 25 

28.  1/5 

1  .52 

1/4 

tempered 

2.7 

50 

1  .  75 

50 

AKHADCUK  test  no,  3,  Series  II,  Glass 
survived  in  strengthened  frame. 

A  1.2  5 

2K 

1.52 

1/4 

l  empf  re<! 

3.  1 

50 

1  .  75 

50 

AKRADCOM  test  no.  4,  Series  It.  Glass 

— 

. 

_ _ _ 

_ _ 

lulls  due  to  1  mine  distortion. 
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Table  5.  Comparison  of  Bl»«t  Load  Capacity  of  Tempered  Glaaa  Panel  by 
NCEL  Design  Criteria  Loads  and  Independent  Energy  Methods 


Pane  Size 

(in. ) 


NCEL 
Design 
Criteria 
Load,  B 
(psi) 

Predicted 
Design 
Load 
(Energy 
Method) , 

B 

(pSi) 

1.02 

0.987 

2.64 

2.60 

3 . 3h 

3.31 

6.84 

6.82 

12.4 

12.4 

27.4 

27.4 

1.43 

1.39 

5.43 

5.42 

20.9 

20.8 

6.66 

6.65 

27.3 

27.3 

5.70 

570 

112 

112 

3.36 

3.34 

14.2 

14.2 

Effective 
Stiffness , 

(psi?£J . ) 

Effective 

Natural 

Period, 

dill) 

1.71 

28.9 

4.74 

22.1 

8.26 

19.3 

25,5 

13.6 

62.5 

10.1 

20.5 

6.77 

3.06 

20.3 

15.6 

13.2 

114 

7.02 

49.2 

6.86 

408 

339 

58.9 

4.92 

5,065 

1.11 

11.8 

17.00 

103 

8.28 

b  =  48  inches,  and  t  =  1/2  inch.  No  blast  load 
will  exceed  50  aisec. 

Find:  Maximum  blast  load  capacity  of  the 

windowa . 

Solution:  Step  1 :  Tabulate  the  design 

parameters  needed  to  enter  Figures  2  to  21. 

a/b  =  48/48  =  1.00 

b  =  48  in. 

t  =  1/2  in.  (nominal) 

T  =  50  nsec 


Step  2:  Enter  the  bottom  design  graph  on 
Figure  3  and  find  that  the  design  blast  pressure 
is : 

B  -  3 . 85  ps i 


Problem  2--Design  of  Tempered  Glass  Panes 

Given:  A  nonoperable  window  having  a 

single  pane  of  glass.  Glazing:  heat-treated 
tempered  glass  meeting  Federal  Specification 
DD-G-1403B  and  the  minimum  fragment  requirements 
ANSI  Z97. 1-1984.  Dimensions  of  pane:  a  =  54  in., 
b  =  36  in.  Blast  loading:  B  =  4.5  psi,  T  =  500 
msec . 

Find:  Minimum  thickness  of  glazing  required 
for  a  probability  of  failure  less  than  0  001- 

Solution:  Step  1 :  Tabulate  the  design 

parameters  needed  to  enter  Figures  2  to  21. 

a/b  =  54/36  =  1.50 

b  =  36  in. 

B  =  4 . 5  psi 

T  =  500  msec 


m  sp  nw»  jui 


Step  2:  Enter  Figures  2  to  21  with  the 
design  parameters  from  Step  1  snd  find  the 
minimum  glazing  thickness. 

The  top  graph  of  Figure  12  applies  for  the 
given  design  parameters.  Enter  Figure  12  and 
find  the  minimum  glazing  thickness  required  for 
B  =  4.5  psi  and  T  =  500  msec  is: 

t  =  S/8  in.  ANS 


Problem  3--Design  Loads  for  Window  Frame 

Given:  A  nonoperable  window  has  a  single 

pane  of  glass.  Glazing:  heat-treated  tempered 
glass  meeting  Federal  Specification  DD-G-1403B 
and  ANSI  Z97. 1-1984.  Dimensions  of  the  pane: 
a  =  37.5  in.,  b  =  30  in.  Frame  width:  w  =  2  in. 
Blast  loading:  B  =  12  psi,  T  =  1,000  msec. 

Find:  Thickness  of  glazing  required  for  a 

probability  of  failure  equal  to  or  leas  than 
0.001  and  design  loading  for  window  frame. 

Solution:  Step  1 :  Tabulate  the  design 

parameters  needed  to  enter  Figures  2  to  21. 

a/b  =  37.5/30  =  1.25 

b  =  30  in. 

B  =  12  psi 

T  =  1 ,000  msec 


Step  2:  Select  the  minimum  glazing  thick¬ 
ness  . 

Enter  the  lower  graph  of  Figure  8,  which 
applies  for  the  given  design  parameters.  The 
minimum  glazing  thickness  required  is: 

t  =  3/4  in.  nominal  ANS 

Step  3:  Calculate  the  static  ultimate 
uniform  load  that  produces  the  same  maximum 
frame  load  as  the  blast  load. 

Enter  Table  1  for  tempered  glass  with  a 
pane  size  of  37.5  by  30  in.,  a/b  =  1.25  and 
t  =  3/4  in.,  and  find  the  static  uniform  design 
load  capacity  of  the  glazing  is: 

r  =  24.6  psi 
u  r 


Thus,  the  window  frame  must  be  designed  to 
safely  support,  without  undue  deflection,  a 
static  uniform  load  equal  to  24.6  psi  applied 
normal  to  both  the  glazing  and  exposed  frame 
members . 

Step  4 :  Calculate  the  design  loading  for 
the  window  frame. 

Enter  Table  2  with  a/b  =  1.25,  and  find  by 
interpolation  the  design  coefficients  for  the 
frame  loading  are: 


CR  =  0.077 

Cx  =  0.545 

C  =  0.543 

y 


From  Equation  3,  the  concentrated  load  in  each 
corner  of  the  pane  is: 

R  (corners)  =  -0.077  (24 .6) (37. 5)2 

=  2,660  lb  ANS 


From  Equation  1,  the  design  loading  for  the 
frame  in  the  long  direction  (a)  ia: 

V  =  0.545  (24 .6) (30)  sin  (nx/37.S) 

+  24.6(2) 

Vx  =  402  sin  (rtx/37.5)  ♦  49.2  lb/in.  ANS 


From  Equation  2,  the  design  losding  for  the 
frame  in  the  short  direction  (b)  is: 

vy  =  0.543  (24 . 6) (30)  sin  (ny/37.5) 

+  24.6(2) 

Vy  =  400  sin  (Tty/40)  ♦  49.2  lb/in.  ANS 


Distribution  of  the  design  load  of  the  pane  on 
the  frame  is  shown  in  Figure  22. 

Problem  4--Design  Loads  for  Hulti-pane  Frame 

Given:  A  nonoperable  window  consists  of 

four  equal  size  panes  of  glass.  Glazing: 
heat-treated  tempered  glass  meeting  Federal 
Specification  DD-G-1403B  and  the  minimuai  size 
fragment  requirements  of  ANSI  Z97. 1-1984. 
Dimensions  of  the  panes:  a  =  22. 5  in.,  b  = 

18  in.  The  exposed  frame  width  is  3  in.  Blast 
loading:  B  =  14  psi,  T  =  50  msec. 

Find:  Minimum  thickness  of  glazing  required 
for  s  probability  of  failures  equal  to  or  less 
than  0.001  and  the  design  loads  for  the  framing 
system . 

Solution:  Step  1 :  Tabulate  the  design 

parameters  needed  to  enter  Figures  2  to  21. 

a/b  =  22.5/18  =  1.25 

D  =  IB  in. 

B  =  14  psi 

T  =  50  msec 


2b7 


Step  2 :  Select  the  minimum  glazing  thick- 

ne»» . 

Enter  the  bottom  graph  on  Figure  7,  which 
applies  for  the  given  design  parameters.  The 
minimum  glazing  thickness  required  is; 

t  =  1/2  in.  nominal  ANS 


Step  3:  Calculate  the  static  ultimate 
uniform  load  that  produces  the  same  maximum 
reactions  on  the  window  frame  aa  the  blast  load. 

Enter  Table  1  with  b  =  18  in.,a/b  *  1.25 
and  t  =  3/16  in.,  and  find  the  static  design 
uniform  load  capacity  of  the  glazing  i.s: 


Problem  5--Deaign  Acceptance  Based  upon  Certifi¬ 
cation  Test  Results 

Given:  A  window  54  x  36  x  3/8'inch  with  a 
single  pane  of  tempered  glass  is  designed  to 
safely  resist  a  blast  load,  B,  of  2  7  psi  with 
an  effective  blast  duration,  T,  of  200  msec. 
Certification  testing  involved  testing  three 
window  assemblies  (n  =  3)  to  failure.  Failure 
loads,  r.,  were  recorded  at  14.0,  17.0,  and 
13.7  pai.1 

Find;  Determine  if  the  window  design  is 
acceptable  based  on  results  from  the  certifica¬ 
tion  tests. 


r  -  29.1  psi 

u  r 


The  window  frame  must  be  designed  to  safely 
support,  without  undue  deflections,  a  static 
uniform  load  equal  to  29.1  psi  applied  perpen¬ 
dicular  to  the  glazing  and  to  the  exposed  sur¬ 
face  of  the  frame  members. 


Solution:  Step  1 :  Tabulate  the  design 

parameters  needed  to  enter  Table  1: 


a/b  =  54/36  =  1.50 


t  =  3/8  in.  nominal 


Step  4:  Calculate  the  design  loading  for 
the  window  frame. 

Enter  Table  2  with  a/b  =  1.25.  With  inter¬ 
polation,  the  design  coefficients  for  the  frsme 
loading  are: 

CR  =  0.077 

Cx  =  0.545 

Cy  =  0.543 


From  Equation  3,  the  concentrated  loads  in  the 
corners  of  each  pane  are: 

R  (corners)  =  -0.077  (29.1)(18)J 

=  -726  lb  ANS 


Step  2:  Employing  Table  1,  select  the 

static  design  load,  r  ,  corresponding  to  the 
glass  pane  geometry. 


r  =  6.90  psi 

u  v 


Calculate  the  static  load  capacity  of  the 
tempered  glass  for  certification  from  Equa¬ 
tion  4: 


r  =  0.876  r  =  6.04  psi 

s  u 


Step  3:  Calculate  the  arithmetic  mean,  r, 
of  all  the  samples  tested. 

Using  Equation  6: 


From  Equation  1,  the  design  loading  for  the  long 
spans  of  the  frame  and  mullions  are: 


-  _  i  =  l 


Vx  =  0.545  (29 .  1 ) ( 1 8)  sin  (nx/22.5) 


+  29.1(3) 


(14.0  ♦  17.0  ♦  13.7) 
3 


=  285  sin  (nx/22.5)  ♦  87.3  lb/in.  ANS 


=  14.9  psi 


From  Equation  2,  the  design  loading  for  the 
short  spans  of  the  frame  and  mullions  are: 

Vy  =  0.543  (29.1)08)  sin  (rty/18) 

=  284  sin  (rty/18)  +  87.3  lb/in.  ANS 


The  design  loads  for  the  window  frame  are  shown 
in  the  following  figure  and  table  and  are  illus¬ 
trated  below. 


Step  4:  Using  Equation  7,  Calculate  the 

sample  standard  deviation,  s. 

The  sample  standard  deviation,  s,  is  calcu¬ 
lated  using  Equation  6  as, 


\/k  1^1 

»  (n  -  1) 

'(14. 0-14, 9)2  t  (17. 0-14. 9)2  *  03  7-  1-.9)2 
1  (3-1) 
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1.82  p 8 i 
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Step  2:  Employing  Table  1  select  the 
static  design  load,  r  ,  corresponding  to  the 
pane  geometry 


Step  / :  Verity  it  the  window  and  frame 
passed  the  certification  tests  by  meeting  the 
conditions  of  Equation  5: 


Step  5 :  Verify  that  the  sample  standard 
deviation,  s,  is  larger  than  the  ainimua  value, 
smin’  Pre8Cribe<*  in  Equation  8. 

s  =  1.82  psi  >  s  . 

min 

=  0.145  r 


=  0.145  (6.04) 

=  0.876  psi 


Thus,  s  s  1.82  psi  ia  the  appropriate  value  to 
use  in  subsequent  calculations. 

Step  6:  Using  Table  3,  select  the  accep¬ 
tance  coefficient,  a,  that  correlates  with  the 
three  samples  tested. 

Entering  Table  3,  with  n  =  3,  find: 

or  =  305 


Step  7 :  Verify  that  the  window  and  frame 
passed  the  certification  tests  by  meeting  the 
conditions  of  Equation  5: 


r  =  14.9  psi  2  rs  +  s  a 


=  6.04  ♦  1.82  (3.05) 

=  11.6  psi 


Therefore,  the  window  assembly  design  is 
considered  safe  for  the  prescribed  blast  load¬ 
ing. 

Problem  6--Design  Rejection  Based  upon  Certifi¬ 
cation  Test  Results 

Given:  A  window  30  x  30  x  1/4  inch  with  a 
single  pane  of  tempered  glass  is  designed  to 
safely  resist  a  blast  load,  B,  of  4.0  psi  with 
an  effective  blast  duration,  T,  of  200  msec. 
Certification  testing  involved  testing  three 
window  assemblies  (n  =  3)  to  failure.  Failure 
loads,  r,  were  6.39,  7.49,  and  8.47  psi. 

Find:  Determine  if  the  window  design  is 

acceptable  based  upon  results  from  the  certifi¬ 
cation  tests. 

Solution:  Step  1 :  Tabulate  the  design 

parameters  needed  to  enter  Table  1. 

b  =  30  in. 

a/b  =  30/30  =  1.00 


The  static  load  capacity  of  tempered  glass 
for  certification  testing,  r  ,  is  caleulsted 
according  to  Equation  4  sa: 

r  =  0.876  r  =  4.84  psi 
s  u  r 


Step  3:  Calculate  the  arithstetic  mean,  r, 
of  all  the  samples  tested: 


n 

£  it 

i=l  1 


(6.39  +  7.49  ♦  8.47) 


=  7.45  psi 


Step  4:  Employing  Equation  7,  calculate 
the  sample  standard  deviation,  s. 

The  sample  standard  deviation,  s,  is  calcu¬ 
lated  as: 

.  =  \lt  fejii)2 

yi=l  (n  -  1) 

_  1/(6. 39-7  45)2  ♦  (7.49-7.4S)2  ♦  (S.47-7.45)2 

-v - —  - 


=  1 . 04  psi 


Step  5:  Verify  that  the  sample  deviation, 
a,  is  larger  than  the  minimum  value,  a  , 
prescribed  in  Equation  8.  *  n 

a  =  1.04  psi  >  s 

min 

=  0.145  r 


-  0.145  (4.84) 

=  0.702  psi 

Thus,  s  =  1.04  psi  is  the  appropriate  value 
to  use  in  subsequent  calculations. 

Step  6:  Using  Table  3,  select  the  accep¬ 
tance  coefficient,  a,  and  the  rejection  coeffi¬ 
cient,  8,  for  n  =  3.  Entering  Table  3  with 
n  =  3,  find, 

or  =  3.05 

8  =  0.871 


r  =  5 . 53  ps i 
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r  =  7.45  psi  <  r  +  s  cr 
r  s 

=  4.84  ♦  1.04  (3.05) 

=  8.01  psi 

Therefore,  the  window  assembly  design  does  not 
satisfy  Equation  4  and  is  considered  unsafe  for 
the  prescribed  design  blast  loading. 
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LIST  OF  SYMBOLS 

a  Tong  dimension  of  glass  pane,  in. 

B  Peak  blast  overpressure,  psi 

b  Short  dimension  of  glass  pane,  in. 

B  Peak  blast  overpressure  predicted  by 

an  energy  method,  psi 


Shear  coefficient  for  load  passed  from 
glass  pane  to  its  support  frame 


w 


Width  of  exposed  surface  of  window 
frame,  in. 


Modulus  of  rigidity  of  glass  pane, 
in. -lb 


.<  Distance  from  corner  measured  along 

long  edge  of  glass  pane,  in. 


Modulus  of  elasticity,  psi 


X  Center  deflection  of  pane,  in. 


Design  stress  and  allowable  principal  X 

tensile  stress  in  glass  pane  for  pre¬ 
scribed  P(F) ,  psi  a 


Center  deflection  of  pane  at  r  ,  in. 

u 

Acceptance  coefficient 


Yield  stress  of  frame  members  and 
fasteners,  psi 

Moment  of  inertia  of  window  frame, 
in.  * 

Effective  linear  stiffness,  psi/in. 

Number  of  window  assemblies  tested 

2 

Effective  mass  (lb-ms  /in.) 

Blast  overpressure  at  any  time,  psi 

Probability  of  failure  of  glass  pane 

Uplifting  nodal  force  applied  by  glass 
pane  to  corners  of  frame,  lb 

Resistance,  psi 


P  Rejection  coefficient 

o  Poisson's  ratio 


Appendix 

ENERGY  METHOD  CALCULATIONS 


The  strain  energy  capacity  of  the  plate,  U, 
will  be  equal  to  the  capacity  blast  load,  B  , 
times  its  center  design  displacement,  X  ,  times 
the  deflection  shape  function  g  (x,y): 

a  b 

U  =  Be  •  Xu  f  f  g  (x.y)  d  A  (A- 1 ) 

o  o 


Test  load  at  failure  of  frame  or  glass 
during  certification  tests,  psi 

Mean  failure  load  of  n  samples,  psi 


The  strain  energy  in  the  pane  will  equal 
the  area  under  the  resistance  function  (based  on 
center  deflection)  times  the  deflected  shape 
function,  g  (X,y)  of  the  pane: 


Effective  resistance,  psi 

Static  load  capacity  of  tempered  glass 
for  certification  testing,  psi 

Design  static  load  capacity  of  the 
glass  pane,  psi 

Uniform  static  negative  load  capacity 
of  the  window  assembly,  psi 

Sample  standard  deviation,  psi 


X  a  b 

■■/—  fJ  g  (x,y)  d  A  (A-2) 
0  o  o 


It  is  conservative  to  neglect  the  small  contri¬ 
bution  of  the  inertial  energy  of  the  plate’s 
motion.  Fortunately,  the  integral  of  the  shape 
functions  in  Equation  A-2  cancels  out.  Simplify¬ 
ing  Equations  A-l  and  A-2  yieidc  Equation  A-3: 


Effective  duration  of  blast  load,  msec 

Nominal  thickness  of  glass  pane,  in.; 
elapsed  time,  msec 

Natural  period  of  vibration  of  the 
glass  pane,  msec 

Strain  energy  in  pane,  psi-in. 

Strain  energy  under  resistance  func- 

l  i  on  i  ps  i  *  i  ft . 

Static  load  applied  by  glass  par.e  to 
long  edge  of  frame,  lb/in. 

Static  load  applied  by  glass  pane  to 
short  edge  of  frame,  lb/in. 


(A-3) 


The  integral  is  calculated  by  numerically 
integrating  the  resistance  function  (uniform 
load-center  deflection)  of  each  of  the  glass 
panes  by  the  trapezoidal  method  ( 1  — .  sc gmc n t s ) . 
The  validity  of  the  assumed  resistance  functions 
have  been  confirmed  by  static  load  tests  on 
tempered  glass  by  NCEL 

The  effective  stiffness,  k  ,  can 
visualized  as  the  slope  of  an  equivalent  resis¬ 
tance  function,  which  contains  the  strain  energy 


W  A".  ? IV.'JL  1  f  H  *  WWY  ^  'J'VVL  »7T?  'i 


K* 


storage  capacity  as  tbe  actual  resistance  func¬ 
tion.  For  high  thickness-to-short-side  glass 
pane  ratios,  where  no  membrane  action  is 
present,  the  effective  stiffness  will  be  the 
actual  stiffness. 


The  effective  stiffness, 
defined  as: 


eff’ 


be 


This  is  already  calculated  as  the  integral  in 
Equation  A-3. 

Manipulating  A-3  and  substituting  into 
Equations  A-S  and  A-A  yields: 


k  , .  =  2  B  /X 

eff  e  u 


(A-6) 


* 


eff 


eff 


(A-A) 


where  r  is  the  load  that  k^^  would  manifest 
at  displacement  X  . 

However,  the  strain  energy,  U  ,  under  the 
linear  resistance  function  for  a  statically 
applied  load  is: 


Ur  =  »' 2  reff 


(A-5) 


The  natural  period  of  the  pane  can  then  be 
defined  as: 

(A-7 ) 


1‘  =  2  n»/m  /k  ~ 

n  \  e  eff 


The  effective  mass  of  the  plate,  ro  ,  is 
defined  ts  the  glass  lites  mass  multiplied  by  a 
load  mass  factor,  k^.  For  a  simply  supported 
plate,  the  load  mass  factor  is  calculated  as: 

k,,.  =  0.63  +  0.16  (aspect  ratio  -1)  (A-8) 

Lrt 


8$ 

& 


$ 

W 

AVI 


V". 

■>  *, 


272 


>.v 

ii 

■yil 

y>; 

,V.N 

sa 


■v\.’ 


SHOCK  TESTING  AND  ANALYSIS 


SHOCK  RECONSTRUCTION  FROM  THE  SHOCK  SPECTRUM 


Charles  T,  Morrow 
Consultant 
Encinitas,  California 


Earlier  papers  by  the  author  have  disclosed  an  algorithm  for  rapid  computati¬ 
on  of  the  undamped  residual  shock  spectrum,  with  phase  as  well  as  magnitude 
information,  and  have  showed  that  the  phase  information  can,  by  differentia¬ 
tion  with  respect  to  angular  frequency,  be  converted  to  a  simple  function  of 
frequency,  designated  the  Apparent  Starting  Time.  Since  such  a  spectrum  is 
simply  related  to  the  Fourier  transform  (Fourier  spectrum),  reconstructing  the 
shock  time  history  from  it  should  be  possible,  at  least  in  principle. 

Indeed,  the  derivation  for  this  reconstruction  would  be  trivial,  except  that,  to 
provide  the  same  fractional  resolution  in  each  frequency  decade,  a  logarithmic 
frequency  scale,  with  frequency  increments  proportional  to  frequency,  was 
chosen  for  the  computation  of  the  residual  spectrum.  Many  of  these  incre¬ 
ments  are  much  larger  than  those  cf  a  Fourier  senes  approximation  or  Dis¬ 
crete  Fourier  Transform  (OFT)  covering  the  same  frequency  range.  Therefore 
a  new  approximating  summation  must  be  obtained  from  the  intergal  Fourier 
transform  as  a  summation  of  integral*  over  the  successive  frequency  incre¬ 
ments.  Tne  integrands  must  be  expressed  in  terms  of  something  that  changes 
less  rapidly  with  frequency  than  the  Phase  angle  --  expressed  for  example  in 
terms  of  the  Apparent  Starting  Time  of  the  undamped  residual  shock  spectrum. 


Shocks  that  exhibit  nulls  in  the  magnitude  of  their  undamped  residual  spec¬ 
trum  at  certa'n  frequencies,  and  consequent  phase  reversals  at  these  fre¬ 
quencies,  can  not  be  reconstructed  by  this  algorithm  as  it  now  stands.  For 
example,  the  wave  reconstructed  from  the  spectrum  of  a  square  wave  shows  no 
resemblance  to  tne  original.  On  the  other  hand,  reconstruction  of  a  terminal- 
peak  sawtooth  is  as  accurate  as  one  can  expect  with  a  2000  Hz  upper  frequen¬ 
cy  limit  on  the  spectrum.  Shock*  to  which  equipment  in  use  is  subject,  and  de¬ 
sirable  test  shocks,  can  be  reconstructed. 

Whereas  the  usual  reconstruction  from  the  DFT,  carried  out  for  an  extended 
time,  yields  a  shock  that  repeats  at  a  period  equal  to  the  duration  of  the  ori¬ 
ginal  time  history,  a  shock  reconstructed  from  the  undamped  residual  shock 
spectrum  with  a  logarithmic  frequency  scale  shows  no  Such  periodicity.  This  in 
principle  simplifies  the  inverse  transform  method  of  construction  of  respons¬ 
es  of  a  mechanical  system,  which  may  persist  long  after  shock  termination. 


INTRODUCTION 

SHOCK  SPECTRUM  papers  Cl -33  by  the  author  have 
disclosed  an  algorithm  for  digital  computation  of  me- 
■-hjnica’  responses  to  shod  and  d'gital  computation 
ot  undamped  residual  shod:  spectra.  The  Indirect  Fou- 
ne'  Transform  ( I F T )  algorithm  is  based  on  the  obser¬ 
vation  that  any  shod  time  history  can  be  approxima¬ 
ted  by  a  series  of  straight  lines  connecting  suffici¬ 
ently  cioseiy  spaced  points  on  the  curve,  as  snown  in 
Figure  1.  This  is  equivalent  to  expressing  the  shock 
raw  data  as  a  senes  of  discontinuities  of  accelerati¬ 
on  slope,  or  acceleration,  or  both.  Consequently,  if  the 
response  of  any  linear  mechanical  system  to  a  ramp  ot 
unit  slope  change  and  to  a  unit  step  function  are 


Figure  1.  Streight-Line  Approximations 


known,  the  response  of  that  system  to  any  shock  can 
be  computed. 

The  response  of  an  undamped  simple  mechanical 
resonator,  for  any  instant  between  t^  and  tk+1  can  be 
approximated  by 

a  (t)  =  C  *  C,t  ♦  C  cos2eft 
r  o  t  c 

♦  Cssin2»ft  ,  (1 ) 

if  t,  and  t  .  are  so  close  that  the  curve  between 
them  is  nearly  straight,  or  by 

a^(t)  -  c  +  c  t  - 1  ♦  cccos2Tf(t-t^  ) 

*  cssin2»f(t-tk)  ,  (2) 

where  t  is  the  time  in  seconds,  f  is  the  frequency  in 
Hz,  and  both  equations  contain  four  arbitrary  con¬ 
stants. 

Equation  (2),  especially  when  used  with  constant 
time  increments,  leads  to  the  simpler  response  compu¬ 
tation.  For  time  t|;,  the  previous  solution  is  given  a 
time  shift  to  express  it  in  terms  of  t-t,  instead  of 
t-t  .  and  the  response  resulting  from  any  disconti¬ 
nuity  of  slope  or  acceleration  at  t  is  added  in,  to 
yield  a  new  approximating  solution  in  the  form  of 
Equation  (1),  with  new  values  for  the  arbitrary  con¬ 
stants  c„ ,  c. ,  c  and  c  .  The  response  is  then  evalu¬ 
ated  for'i  =  t|  c  * 

VVsco*cc’  l3) 

and  the  algorithm  moves  on  to  t=t  . .  The  primary 
operations  are  mu'tiphcaticns  and  additions  similar  to 
those  of  the  FFT  algorithm  --  no  brute  force  evaluati¬ 
on  of  trigonometric  functions  is  necessary  except  at 
the  beginning  before  response  computation  is  under 
way.  Computation  is  performed  only  for  the  frequen¬ 
cies  of  the  resonances  of  the  mechanical  system  --  in 
this  case  only  one. 


Ml  1*  M  LM  1  UK 
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Apparent  Starting  Time  of  the  residual  response  ob¬ 
tained  by  the  derivative 

AST  *  T  •  df/da)  ,  17’ 

where 

w  *  2»f  161 

is  the  angular  frequency  in  radians  per  second,  is  a 
plottabie,  well  behaved  function.  This  is  a  we.ghted 
starting  time.  If  energy  is  imparted  to  the  simple  sys¬ 
tem  by  the  shock  primarily  at  one  epecific  time,  the 
AST  will  be  approximately  equal  to  that  time.  If  the 
energy  is  imparted  primarily  at  two  different  instants, 
the  AST  will  be  in  the  middle. 

While  f  and  the  AST  are  best  understood  in  terms 
of  Equation  (1),  it  is  possible  to  use  Equation  (21, 
again  without  response  computations,  and  make  cor¬ 
rection*  to  the  finel  constants.  Applying  Equation  (4) 
to  c  end  e  of  Equetio  .  (2)  would  yield  an  AST  meas¬ 
ured from  sfvock  termination  rather  then  from  the  be¬ 
ginning  of  the  ehock.  For  proper  results,  th*  shock 
duration  must  be  added  to  this,  or  else  *  time  shift 
mutt  be  imparted  to  Equatv  i  (21  to  convert  its  coef¬ 
ficients  to  C  and  C  of  Equation  (1),  before  any  phase 
angle*  or  relationship*  to  th*  Fourier  transform  arc 
explored. 

Total  computation  time  for  this  form  of  the  algo¬ 
rithm  or  its  inverse,  with  sufficiently  refined  soft¬ 
ware.  would  be  crudely  comparable  to  that  of  the  FFT 
algorithm  or  its  inverse.  The  IFT  algorithm  uses  fewer 
frequenciee  and  doe*  not  require  any  computations  for 
zero*  after  shock  termination.  The  FFT  algorithm  util¬ 
ize*  redundancy  in  it*  computation  matrix  and  to  elim¬ 
inate  many  of  the  matrix  elements  from  separate  com¬ 
putation.  For  construction  of  responses  from  shod 
data  in  the  time  domain,  both  types  of  algorithm  are 
slow  compared  to  the  extended  IFT  algorithm. 

RELATION  TO  THE  FOURIER  TRANSFORM 


Equation  (1),  however,  leads  more  directly  to  a 
un’que  spectrum.  The  trequene’es  are  not  constrained 
to  be  in  a  harmonic  relationship  as  in  the  FFT  algo¬ 
rithm.  Therefore,  a  logarithmic  distribution  of  fre¬ 
quencies  has  been  chosen,  to  provide  constant  fracti¬ 
onal  resolution  in  each  frequency  decade  --  301  fre¬ 
quencies  in  total  for  the  three  decades  from  2  to  2000 
Hz.  Of  the  fo:r  arbitrary  constants,  it  is  necessary 
only  to  compute  successive  values  for  C  and  C  .  No 
instantaneous  response  evaluations  are  nec  etiary. 
The  final  values  o*  C  and  C  ,  after  all  shock  data 
'nputsi  yield  an  undaSnped  residual  shod  spectrum 
with  a  magnitude  R(fh  given  by  the  square  root  of  the 
sum  of  the  squares,  since 


=  Rif)cosf  ,  and  (4) 

C  =  R(f)sin0  i  (5) 

s 

and  an  inherent  phase  angle  given  by 

i  =  tan  /C  .  (6> 

s  c 

Lite  the  phase  angle  of  the  Fourier  transform,  t  is 
a  rapidly  changing  function  of  frequency.  However,  the 


A  relationship  between  the  undamped  residual 
Shock  spectrum  and  the  Fourier  transform  was  first 
published  in  1951  C4J.  The  derivation  to  follow  express¬ 
es  it  in  suitable  form  for  present  use. 


The  complex  exponential  Fourier  transform  of  a 
time  function  a(t)  is  given  by 

F(f)  =  S®  a(s>e'j2Ttsds 

-  Q 

*  i®  *(*>Ccos2Tfs  -  jsin2i'fsjds 

-  ® 


-  F  (,)  ♦  ,F  ( f ) 

real  imag 

«  F  (,)  -  ,F  (f)  , 
c  ■  s 


(9) 


where  the  real  part  is  equal  to  the  cosine  transform 


F  =  F_(f) 

1  1®  a(s)cos2tfsds  ,  d0> 

"  CD 

and  the  imaginary  part  is  the  negative  of  the  sine 
transorm 
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-  "J®  i(s)sin2ffsds  ,  (11) 

The  first  Cl]  of  the  three  previous  pipers  over- 
'ooked  the  minus  sign  in  Equation  (ll)i  which  requires 
a  reversil  of  the  sign  in  the  numerical  printout  of  the 
the  second  C 2 3  paper,  but  nothing  else  is  affected.  In 
particular,  the  relationship  between  the  final  values 
of  the  last  coefficients  of  Equation  (1)  and  the  real 
and  imaginary  parts  of  the  exponential  transform  C.3 
is  still  given  by 


c 

real 


=  C  /2f f 

s 


and 


(12) 


The  logic  cr  this  progress'on  of  expressions  is  as 
follows.  The  first  expression  contains  the  simplest 
possible  statement  of  the  inversion  of  the  complex 
exponential  Fourier  transform.  In  the  second  expres¬ 
sion.  the  transform  is  split  into  real  and  imaginary 
parts.  In  the  third  expression,  the  exponential  is  split 
into  real  and  imaginary  parts  and  the  resulting  real 
and  imaginary  (arms  are  separated.  From  Equations  (2) 
and  (3).  the  imaginary  terms  both  contain  a  product  of 
an  odd  function  of  f  and  an  even  function  of  f,  which 
must  integrate  to  zero.  This  leads  to  the  fifth  and 
final  expression,  which  is  valid  pr  wing  that  inte- 
gration  through  zaro  does  not  encounter  an  infinite 
ve'ue.  In  that  event,  exclusion  of  a  short  frequency 
interval  about  zero  frequency  may  still  pei  mit  an  in¬ 
version  that  is  useful  in  practice. 


F.  ,  *  c  /2»f  .  (13) 

imag  c 

Accordingly,  since  alt'  can  be  reconstructed  from 
the  Fourier  transform,  it  can  also  be  reconstructed  in 
principle  from  the  various  values  of  the  two  coef¬ 
ficients,  versus  frequency,  that  yield  the  undamped 
residual  shoe)  spectrum. 


INVERSE  TRANSFORMATION 


If  the  frequencies  for  the  new  algorithm  for  un¬ 
damped  residual  shock  spectrum  computation  had  been 
chosen  in  a  harmonic  rather  than  a  logarithmic  relati¬ 
onship,  reconstructing  a(t)  from  the  shock  spectrum 
would  be  quite  straightforward  and  trivial.  It  would  be 
necessary  only  to  construct  a  discrete  Fourier  trans¬ 
form  (OFT)  by  means  of  application  of  Equations  <121 
and  (13i  to  successive  frequencies  and  then  compute 
the  inverse  of  the  OFT.  The  OFT  is,  after  all,  merely  a 
succession  of  Fourier  series  coefficients  multiplied 
through  by  a  constant  factor  proportion*',  to  the  fun- 
dart, ei.tal  frequency.  Its  inverse  could  be  taken  confi¬ 
dently  whether  cr  not  the  Fourier  transform  had  been 
devised.  However,  the  undamped  residual  spectrum 
computed  frr  frequencies  in  a  logarithmic  relation¬ 
ship,  with  finite  spacing,  does  not  lead  directly  to  an 
irver table  logarithms  version  of  the  OF  ,  the  phase 
angle  changes  too  rapidly  at  the  higher  frequencies.  It 
is  necessary  to  examine  carefully  the  theoretical  in¬ 
version  of  the  Fourier  transform  and  to  devise  new 
terms  that  are  integrals  ever  frequency  increments. 
From  the  Tourier  integral  theorem. 


t.  =  S°F(f)e,2Tftdf 

=  S®  CF  .(f)  ♦  jF  (f)]e’"Tndf 
-©  real  imag 

=  5®  CF  ,(f)cos2tit 
-oo  real 

-  F  <f  )sin2f  f  1 3df 

•mag 

+  ji3  CF  ,(f  isinrrft 
-  Ti  real 


i  F 

1  »cos_  fits'll 

11X39 

=  S®  LF 

.‘t 

di  rea 

-  F  ( 

Ms’n-Zff  tDd4 

imag 

J  f  )  1 0  r.  ?  *  *  ' 

real 

-  F 

■.  i  Km!?f  ft  Idf 

imag 

<14 


In  the  present  paper,  integration  is  restricted  to 
the  range  from  2  to  2000  Hz,  the  range  most  commonly 
used  in  snock  and  vibration  testing,  with  the  loga¬ 
rithmic  frequencies  of  the  IFT  algorithm,  C23,  since  a 
spectrum  must  oe  obtained  by  that  algorithm  before 
reconstr"ctun  can  be  accomplished.  By  making  some 
assumptions  about  the  behaviour  of  the  magnitude  of 
the  undamped  residual  and  the  behaviour  of  the  AST, 
it  should  be  possible  to  extend  the  integration  to  low¬ 
er  frequencies.  However,  the  only  effect  of  this  would 
be  to  introduce  some  response  components  at  periods 
longer  than  1/2  second,  with  a  very  minor  oractica’, 
effect  except  with  shocks  or  responses  lasting  of  the 
order  of  0.1  second  or  more. 

1  /2 

The  next  step  is  to  derive  an  approximate  egres¬ 
sion  for  an  integral  of  the  form  uf  Equation  (14)  over 
a  single  frequenty  increment 


by  expressing  the  integrand  in  terms  of  variables  that 
vary  only  very  slowly  over  the  frequency  increment. 
The  obvious  problem  variable,  a.  is  approximated  over 
the  frequency  increment  by  a  linear  equation 


*  =  2t(f  -  \_1)ts  ♦  §^}  ,  M6> 

derived  from  Equation  '7)  and  equivalent  to  a  reversal 
of  the  method  of  computing  the  AST.  Accordingly,  the. 
contribution  to  the  integral  fcy  the  frequency  incre¬ 
ment  Af^  is  given,  through  use  of  Equations  (Ah  (5),  <IZ) 
and  (13)»  by 
f 

A  (t>  =  2S  1  CF  J f  cos2Ttt 

i  4  real 

‘  i  -1 

*  F  sin2t  ft  3df 

ima9  j 

=  CR(f^)/»f^3S  Ccosfl s  'l/irf  -smflcos.lt f *  3d ■ 


f  ^ 

■  CR<f  sir.'oeft-  0 

i 

t 

1  -  : 

&y  application  of  Equation  1 ':5>,  this  becomes  an 
e>press'Oi  wth  f  as  a  va-mbie  orly  ir  tfe  part 

of  the  arg-'^nt  of  the  Sine  fjiiLt»ori. 
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4^  ■  -  [R;n/*f  .3 

XI  1  «1nC2»m-t  1*2*^  _ 

1 1-1 

»  CR(f.)/2t2f  .<t-t  >0 
X  jco*C2»fi(»-tt)-»1.,+2Tf1.1tt] 
-coiC 2*f1.,U-t,)-^.^2.fi1tf3}  . 


The  final  expregsion  of  Equation  (18)  i«  the  dif- 
ferenca  of  two  vary  similar  formulas  —  by  itself  with¬ 
out  numancil  tasting  in  a  computer  program,  it  offers 
no  obvious  hint  of  how  wall  it  can  perform.  Notice, 
however,  that  it  yields  no  absolute  reconstructed  val¬ 
ue  —  only,  when  properly  summed  over  frequency,  the 
difference  between  the  reconstructed  value  for  one 
instant  and  that  for  the  next  instant.  In  numerical 
implementation  of  the  algorithm,  the  reconstructed 
value  is  set  to  zero,  or  to  the  constant  acceleration 
prior  to  shock  initiation,  for  the  last  instant  prior  to 
the  first  instant  to  be  computed.  Then  Equation  (18)  is 
evaluated,  brute  force,  for  the  next  instant  and  for 
all  frequencies,  summed,  and  added  to  the  existing 
reconstructed  value  to  obtain  the  next  value.  Compu¬ 
tations  for  later  instants,  instead  of  complete  re- 
evaluation  of  the  expressions  for  all  frequencies, 
merely  involve  shifting  the  angles  in  the  arguments  of 
the  cosine  functions  by  2sf,At  and  2rf .  .At,  where  At 
is  a  constant  time  increment  betwein  instants  tor 
response  computation.  This  is  done  by  the  formula  tor 
the  cosine  of  the  sum  of  two  angles  and  involves  for 
each  .ucceejsive  instant  only  a  simple  multiply-add- 
on  opera* ion  per  frequency,  similar  to  those  of  the 
IFT  and  .'FT  algorithms,  once  the  initial  cosines  and 
sines  of  all  2f  f^t-t  )  and  the  cosines  and  sines  of  all 
2tfiAt  hev*  been  computed. 

The  last  expression  of  Equation  (18)  would  not  be 
valid  as  written  and  would  result  in  a  "division  by  ze¬ 
ro"  error  message  tor  t=t  exactly,  if  for  any  fre¬ 
quency  this  should  happen  during  the  sequence  of  time 
values,  since  the  denominator  would  be  zero.  However, 


Accordingly,  the  final  result  is  not  a  Fourier  se¬ 
nes  summation  but  a  summation  over  frequency,  from  2 
to  2000  Hz,  of  terms  given  by  Equation  (18),  with  Equa- 
ti'-n  (22)  as  a  one-time  backup  for  any  frequency  i  m 
wh.  h  it  ever  happens  that  t*t  .  Otherwise,  in  pro- 
ce»  hng  from  one  response  insta*nt  to  the  next,  each 
tei  .  receives  multiply-add-on  operations  and  a  new 
summation  of  terms  is  obtained  and  added  to  the  pre¬ 
vious  response  value. 

The  value  of  *  for  the  lowest  frequency  is  obtained 
directly  from  the  cosine  and  sine  components  of  the 
undamped  residual  spectrum,  using  Equation  (4).  The 
remaining  values  are  obtained  from  successive  values 
of  the  AST,  using  Equation  (’5 ). 

Equation  (21),  with  Equation  (22)  as  a  backup, 
could  be  used  instead  of  Equation  (18).  In  fact,  this 
wcs  the  first  way  the  algorithm  was  tested.  However, 
it  is  slower  than  Equation  (18),  especially  on  the  first 
brute  force  evaluation,  and  it  requires  more  memory. 

NUMERICAL  RESULTS 

An  IFT  program  in  BASIC  was  stripped  of  routines 
unncessary  for  the  experiment,  and  the  above  recon¬ 
struct  algorithm  was  implemented  in  the  memory  made 
advailable.  This  made  it  possible  to  obtain  the  un¬ 
damped  residual  spectrum,  with  Doth  cosine  and  sine 
factors  in  a  memory  matrix,  from  constant  time  incre¬ 
ment  shock  input  data,  and  then  reconstruct  the  shock 
numerically  by  the  present,  algorithm. 

A  constant  time  increment  of  1/2  millisecond  was 
choaen  for  data  inputs  for  a  10  millisecond  lOOg  ter¬ 
minal-peak  sawtooth.  To  verify  the  spectra)  charac¬ 
teristics  and  store  them  in  memory,  the  residual  mag¬ 
nitude  and  the  apparent  starting  time  were  plotted  in 
succession  on  the  video  screen.  Then  the  reconstruct 
routine  was  applied.  The  reconstructed  value  was  set 
to  zero  for  t*-l/2  millisecond.  The  results,  in  accor¬ 
dance  with  Equation  (20),  are  plotted  in  Figure  2. 


cosx-cosy  =  2sinC(>:+y)/23sinC(x-y)/20  (20) 

Equation  (18)  can  be  converted  to  a  product 
Aa^tt)  =  -  CR(fJ/T2f i(t-tJ)sinCrAfl(t-t  >] 

X  smC*(fi_1+fi(t-t£)-#i»2Tf .  )ts0  (21 ) 

that  approaches  a  limit 

L’m^t  43,(0  =  -  CR(fl)/»fi0sin(2ifl_)ts-»i_1)  ,  (22) 

whichsiS  applied  at  most  once  per  frequency  instead  of 
Equation  (17),  since  t  =  !  is  very  unlikely  and  occurs  at 
most  once  per  frequency. 


Figure  2.  Terminal-Pea^  Sawtooth  Reconstructed 

The  ■'econstrucMon  is  as  close  tc  the  original  as 
one  can  e:  pec*  with  only  a  frec^ency  range  from  2  to 
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2000  Hz.  Higher  frequencies  would  permit  a  sharper 
Initial  bend  and  a  sharper  terminal  peak.  However,  the 
reconstructed  value  for  10  milliseconds  is  close  to  the 
midpoint  of  the  acceleration  discontinuity)  as  it 
should  be.  Another  run)  in  accordance  with  Equation 
(18))  was  about  2g  higher)  with  slightly  better  accura¬ 
cy  —  this  difference  was  negligible)  but  Equation  (18) 
is  preferable  for  memory  utilization  and  computation 
time. 

A  OFT  or  Fourier  series  with  lowest  frequency  2 
Hz  would  be  expected  to  produce  a  pulse,  shaped  with 
comparable  accuracy)  but  recurring  every  half  se¬ 
cond.  Another  run  with  the  algorithm)  utilizing  Equati¬ 
on  (18))  with  1  millisecond  time  increments)  was  made 
out  past  one  second.  The  reconstruct  numbers  waved 
about  very'  slowly  of  the  order  of  1  or  2gi  but  there 
was  not  a  hint  of  a  repetition  of  the  sawtooth  pulse. 

On  the  other  hand)  an  attempt  to  reconstruct  a  10 
millisecond  lOOg  square  wave  yielded  an  irregular 
wave  bearing  no  resemblance  to  the  original.  The  rea¬ 
son  for  this  is  that  Equation  (14)  is  not  valid  through¬ 
out  a  frequency  increment  that  contains  a  null  in  R(f)) 
which  is  always  accompanied  by  a  180°  reversal  of  0. 
The  computation  of  the  AST  by  the  IFT  algorithm  re¬ 
quires  a  180°  correction  when  this  occurs  —  the  one 
thing  thus  left  out  of  th*  computation  of  R  and  Ts  is 
the  listing  of  any  frequencies  at  which  a  null  occurs. 
Of  course>  the  reconstruct  algorithm  could  be  made 
more  elaborate)  to  include  a  means  for  estimating  the 
null  frequencies  and  reinserting  the  phase  discontinu¬ 
ities.  This  would  hardly  be  worthwhile]  since  the  nulls 
ordinarily  occur  only  for  symmetrical  pulses  such  as 
the  square  wave  and  half  sine  wave.  These  pulses  do 
not  occur  in  the  actual  environment  to  be  simulated  in 
test]  and]  because  of  the  nulls)  are  undesirable  test 
shocks. 

CONCLUSION 

A  shock  time  history  can  be  reconstructed  from 
the  undamped  residual  shock  spectrum)  with  logarithm¬ 
ic  frequencies)  as  obtained  through  the  Indirect  Fou¬ 
rier  Transform  algorithm)  provided  that  the  Apparent 
Time  has  been  computed  and  that  the  spectral  magni¬ 
tude  R(f)  contains  no  absolute  null  at  arfy  frequency. 
Under  the  same  circumstances)  the  undamped  residual 
shock  spectrum)  like  the  Fourier  transform  or  OFT] 
can  be  accepted  as  a  complete  description  of  the 
shock)  containing  in  the  frequency  domain  all  the  in¬ 
formation  that  existed  in  the  time  domain. 

In  an  effort  begun  before  the  work  reported  here 
and  still  continuing)  the  programs  of  the  first  three 
papers  Cl  —30  have  successfully  been  combined  into  a 
single  program,  simplified,  compressed  into  smaller 
memory,  made  easier  to  use,  and  executed  without 
need  for  deletion  of  any  parts  not  in  immediate  use. 
Several  ways  have  been  Identified  to  make  the  repeat¬ 
ed  operations  of  the  spectral  analysis  run  faster,  so 
as  to  make  the  program  compare  more  favorably  with 
those  of  dedicated  computers.  In  time,  more  hardware 
simulations  will  be  provided,  and  some  novel  ways  of 
inputting  shock  data  will  be  added.  One  intent  Is  to 
sell  a  version  of  the  composite  program  as  a  supple¬ 
ment  to  a  complete  rewrite  of  the  author's  book  on 
3hoch  and  vibration  engineering,  together  with  any 
additional  programs  that  may  be  developed  to  provide 


illustrations  for  the  text.  The  program  improvised  for 
the  present  paper  was  adequate  to  demonstrate  some 
important  principles.  If  it  also  shows  promise  of  being 
sufficiently  useful  in  practice,  a  decision  may  be  made 
to  refine  it  and  make  it  available  with  the  other  pro¬ 
grams. 

The  anonymous  reviewers  of  the  present  paper 
were  both  patient  with  the  initial  draft  and  conscien¬ 
tious  in  the  preparation  of  comments.  All  comments 
have  had  an  effect  on  the  final  manuscript  and  have 
resulted  in  improvement. 
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THE  SHOCK  RESPONSE  SPECTRUM  AT  LOW  FREQUENCIES 


David  0.  Smallwood 
Sandia  National  Laboratories 
Albuquerque ,  NM 


This  paper  shows  that  for  small  damping  the 
correct  acceleration  shock  response  spectrum 
will  roll  off  with  a  slope  of  6  dB/octave  on  a 
log- log  plot.  An  undamped  acceleration  shock 
spectrum  and  the  shock  spectrum  based  on  a 
relative  displacement  model  will  roll  off  with  a 
slope  of  12  dB/octave. 


Introduction 

The  slope  of  the  shock  spectrum  at  low 
frequencies  is  typically  evaluated  by  using  a 
well  known  relationship  between  the  undamped 
residual  shock  response  spectrum  and  the 
magnitude  of  the  Fourier  spectrum  [1],  This  has 
led  to  the  common  belief  that  the  shock  response 
of  shocks  with  a  low  velocity  change,  like  a 
pyrotechnic  shock,  will  have  a  low  frequency 
slope  of  12  dB/octave.  But  anyone  who  has 
examined  these  shocks  has  seen  data  which 
violates  this  assumption.  Several  suggestions 
have  been  offered  to  explain  the  slopes  which 
are  different  from  12  dB/octave  including: 

o  The  spectrum  doesn't  really  roll  off  at 
12  dB/octave 

o  Zero  offsets  cause  the  spectrum  to  roll  off 
at  a  slope  different  from  12  dB/octave 

o  Truncation  errors  cause  the  problem 

o  Incorrect  algorithms  are  being  used  to 
calculate  the  spectrum 

Each  of  these  suggestions  are  examined  in  this 
paper . 


Models 

Before  1  can  discuss  the  shock  response 
npectrum  we  must  examine  the  single-dogrce-of- 
freodom  (SDOF)  models  which  are  used  to  evaluate 
the  shock  response  spectrum.  A  large  number  of 
.nod" Is  are  used,  but  they  can  be  reduced  to 
variation::  oT  Just  two  models,  which  1  will 
d I  nr uss . 


Acceleration  Model-  The  input  to  this  model 
is  the  absolute  acceleration  of  the  base  of  the 
SDOF  system.  The  response  of  the  SDOF  system  is 
the  absolute  acceleration  of  the  mass.  The 
transfer  function  of  this  system  in  the  complex 
Laplace  domain  is  given  by 

2 

2  tu  s  +  u 
n  n 

H  (s)  -  -  .  (1) 

a 

2  2 
s  +  2Co>  s  +  w 
n  n 

The  impulse  response  of  this  model  is  given  by 

ha(t)  -  «n(l~  f2)'1/,2exp(-fwnt)sin(u>dt+^)  (2) 

where 

<t>  -  tan"1 [ 2f (1-f  2)1/2/ (l-2f 2) ] 

f  -  the  fraction  of  critical  damping 

1/2 

-  the  natural  frequency,  (K/M) 

2  1/2 

«d  -  the  damped  natural  frequency,  u>n(l-  f  ) 

This  is  the  most  commonly  used  model  in  the 
aerospace  industry. 

Relative  Displacement  Model -  The  input  to 
this  model  Is  the  absolute  acceleration  of  the 
base  of  the  SDOF  system.  The  response  of  the 
system  is  the  relative  displacement  between  the 
base  and  the  mass.  If  the  relative  displacement 
is  expressed  in  terms  of  an  equivalent  static 
acceleration, 
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the  transfer  function  becomes 


Hd(.) -  <*•> 

2  2 
8  +  2fw  S+u> 

n  n 

The  impulse  response  of  this  sys'em  is  given  by 

hJt)  -  u  (1-  f2)'1/2exp(-fu  t)sln(u  t).  (5) 

an  n  a 

This  model  Is  commonly  used  In  the  Navy  and  the 
seismic  Industry. 

The  Relationship  Between  the  Fourier  Spectrum 
and  Shock  Response  Spectrum 

A  well  known  relationship  exist  between  the 
undamped  residual  shock  response  spectrum  and 
the  magnitude  of  the  Fourier  spectrum[2]. 


S  (w  )  ■  w  I A(w  )  I  (6) 

r  n  n'  n  ' 

where 


S  -  undamped  residual- shock-response  spectrum 
ur  -  natural  frequency  (rad/s) 

A?u  )  -  magnitude  of  the  Fourier  Spectrum 

n  of  the  acceleration  input  evaluated  at 
o 

n 

Ua  will  also  use  the  relationship 


dnf(t) 


dt 


(Ju)nF(w) 


(7) 


where  •»  means  a  Fourier  transform  pair. 


and 

f(t)  «*  F(w). 


Ue  can  now  derive  the  slope  of  the  undamped 
residual  shock  response  spectrum.  Note  that  both 
models  reduce  to  the  same  form  for  the  undamped 
case.  The  velocity  change,  tv,  of  an  Input 
acceleration  Is  given  by  Its  Fourier  spectrum 
evaluated  at  zero  frequency  The  Fourier 
spectrum  Is  continuous  and  smooth  near  the 
origin.  Therefore.  for  frequencies  near  zero 
this  gives 


w 


Avw 


n 


(8) 


which  lsA  a 
dB/octave  . 

I  f  the 
displacement 
spectrum  of 
Is  given  by 
(6)  yields 


slope  of  1  on  a  log- log  plot  or  6 

velocity  change  Is  zero,  but  the 
change,  Ad,  Is  nonzero,  the  Fourier 
the  velocity  for  small  frequencies 
td.  The  use  of  Eq  (7)  and  then  Eq 


w 


(9) 


for  frequencies  near  zero.  This  gives  the 
spectrum  a  slope  of  2  on  a  log-log  plot  or  12 
dB/octave  near  zero  frequency 


If  the  displacement  change  Is  also  zero, 
but  Its  Integral  is  a  nonzero  value,  A  c,  the 
undamped  residual  shock  spectrum  near  zero 
frequency  Is  given  by 

S  (w>  )  -  i/ac.  (10) 

r  n  n 

This  results  In  a  slope  of  3  or  18  dB/octave  at 
low  frequencies. 

Slope  cf  the  Damped  Shock 
Spectrum  at  Low  Frequencies 

In  this  section  I  will  Investigate  the 
correct  slope  for  the  damped  shock  response 
spectrum  at  low  frequencies  If  the  velocity 
change  of  the  transient  Is  nonzero  and  the 
velocity  monotonlcal ly  Increases  to  Its  final 
value,  the  transient  can  be  represented  by  an 
impulse  when  the  product  of  natural  frequency  of 
the  SDOF  system  and  the  sampling  lncerval  is 
much  less  than  one.  1  can  then  represent  the 
waveform  by  the  Impulse 

x(  t)  -  A v{ ( t ) .  (11 ) 


Looking  first  at  the  acceleration  model  the 
residual  response  Is  given  by 

y(t)  -  Avhfl(t)  .  .'12) 

The  primary  response  for  an  Impulsive  input  is 
Zero.  If  I  make  the  assumption  that  the  damping 
is  smell  the  maximum  of  the  impulse  response  is 
approximately 


h 


max 


(t) 


U> 

n 


This  gives 


$(u>  )  —  A vuj  . 
n  n 


03) 


(14) 


which  is  the  same  result  as  Eq  8.  The  same 
result  is  achieved  for  the  relative  displacement 
model.  Thus  the  common  assumption,  that  the 
residual  response  dominates  the  low  frequency 
response  and  that  the  relationship  between  the 
Fourier  spectrum  and  the  undamped  residual  shock 
spectrum  can  be  used  to  estimate  that  response, 
is  valid  for  this  case.  We  get  a  slope  of  1  or  6 
dB/octave  at  the  low  frequencies. 

If  the  velocity  does  not  increase 
monotonlcal ly  to  its  final  value  (i  e.  zero 
crossings  of  the  acceleration  waveform  exist) 
this  analysis  is  not  valid.  We  must  now 
represent  the  input  waveform  as  a  sorLes  of 
impulses.  To  examine  tills  probLem  I  will  first 
consider  the  response  of  a  damped  SDOF  system  to 
an  impulse  when  the  time  is  small  The  impulse 
response  of  the  acceleration  model  can  be 
approximated  for  small  values  of  time  and 
damping  by 


h  { t )  -  w  ( w  t  +  2 f ) .  -13) 

a  n  n 


A  slope  of  1  is  not  precisely  6  dB/oot  .  but 
this  value  will  be  used  in  this  paper. 
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(16) 


and  the  damping  is  small ,  the  response  of  the 
system  can  be  approximated  by  a  sum  of  responses 
like  Eq  (17) 


For  the  relative  displacement  model 

hd(t)  -  <A. 

which  is  the  same  as  for  the  acceleration  model 
except  the  second  term  is  zero.  The  acceleration 
response  for  early  times  and  small  damping  is 
then  given  by 

y(t)  -  Avw  (w  t  +  2f).  (^-7) 

The  response  can  be  approximated  by  a  straight 
line  for  early  times.  Equation  (17)  can  be 
derived  in  a  different  way.  If  we  assume  that 
the  mass  of  the  oscillator  remains  essentially 
stationary  with  respect  to  the  base,  the  force 
on  the  mass  is  given  by 

F  -  Kx  +  Cx  (18) 

where 


L 

y(t)  -  £  A.u  (o)  (t-  ir)  +  2f]U(t-ir)  for  t<L 
i-l1  "  n  (21) 

where 

U(t)  -  the  unit  step  function. 

This  response  is  just  a  sequence  of  straight 
lines  whose  slope  changes  at  each  impulsive 
input.  The  maximum  response  will  occur  at  one  of 
these  changes  in  slope.  The  response  at  the 
impulsive  input  at  time  mr  can  be  evaluated  as 

L 

y(mr)  -  2  A^u^tr^m-i)  r  +  2j]U(m-i).  (22) 

i-l 


2!>n  -  C/M 

and  where  x  is  the  base  input  displacement, 
acceleration  of  the  mass  is  then  approximately 

y(t)  -  (K/M)  x(t)  +  (C/M)  x(t) 

or 


The  primary  response  can  be  approximated  by  the 

.  largest  of  this  set  of  values,  y  (mr) ,  for 

The  some  value  of  m  between  1  and  L.  Tfius  for  the 

damped  case  the  maximum  response  will  be  of  the 

form 


y  (mr)  -  C..w 
•'max  1  n 


+  C2mtT 


The  undamped  case  will  always  be  of  the  form 


y(t)  -  U‘x(t)  +  2  rux(t) 


y  (mr) 
'max 


If 

x(t)  -  Av$(t) 
then 


The  relative  displacement  model  will  give  a 
maximum  primary  response  of  the  form 


eq  max 


(mr)  -  C ,ui 
4  n 


(25) 


x(t)  -  Av  and 
x(t)  -  Av  t. 

These  results  give 

y(t)  -  Avu^t  +  Av2fio 
n  n 

which  is  the  same  as  Eq  (L7).  Equations  (17)- 
(19)  show  that  the  mass  accelerations  for  early 
times  is  dominated  by  two  terms:  a  stiffness 
force  proportional  to  the  base  displacement  and 
a  damping  force  proportional  to  the  base 
velocity. 

These  equations  will  now  be  used  to  write  a 
more  general  expression  for  the  response  to  a 
sequence  of  impulses.  These  expressions  will 
then  be  used  to  estimate  the  primary  response  of 
waveforms  where  the  velocity  does  not  increase 
monotonically .  Let  the  input  be  given  by 

L 

x(t)  »  7,  A(J  (t  -  ir)  (20) 

!-l~ 

where  fi  Is  the  unit  impulse  function,  and  is 
(tie  velocity  change  of  each  Impulsive  input.  If 
the  total  pulse  duration  Is  short  compared  to 
tie-  period  of  the  S DOF  system  (  J.e.  m  l  «1) 


We  can  now  see  that  the  primary  response 
for  the  relative  displacement  model,  and  for  the 
undamped  acceleration  model  will  always  have  a 
slope  of  2  or  12  dB/octave  at  low  frequencies. 
If  the  slope  of  the  residual  response  is  greater 
than  12  dB/octave  the  residual  response  must  be 
less  than  the  primary  response  for  a  very  low 
frequency.  The  final  slope  of  the  shock  response 
spectrum  will  be  12  dB/octave. 

The  damped  acceleration  model  will  have  two 
regions  of  interest.  For  the  intermediate 
frequencies  where  the  first  term  of  Eq  (23) 
dominates,  the  primary  spectrum  will  have  a 
slope  of  12  dB/octave.  At  the  very  low 
frequencies  where  the  second  term  of  Eq  (23) 
dominates  the  slope  will  be  6  dB/octave.  Thus 
the  primary  response  must  be  greater  than  or 
equal  to  the  residual  response  which  rolls  of 
with  a  slope  of  at  least  6  dB/octave.  The 
conclusion  is  that  for  small  damping,  the 
maximax  shock  spectrum  for  the  acceleration 
model  will  will  always  have  a  low  frequency 
slope  of  6  dC/octavo. 

The  usual  assumption  is  that  the  residual 
spectrum  is  larger  than  the  primary  spectrum  at 
low  natural  frequencies.  Wo  see  that  this  is  the 
case  for  single  sided  waveforms,  but  is  not  true 
for  double  sided  acceleration  pulses. 
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Two  examples  will  illustrate  this  important 
result.  For  the  first  example,  consider  an 
acceleration  input  as  given  by  Figure  1.  The 
velocity  and  displacement  waveforms  for  this 
acceleration  are  shown  in  Figures  2  and  3. The 
input  can  be  approximated  by  three  impulses 

x(t)  -  «(t-0.001)  -  26  (t-0.023)  +  «(t-0.045) 

(26) 


0.01  0.02  0.03  0.04 

TIME  (s) 

Figure  1  Base  Input  Acceleration,  Basically 
Three  Impulses 


r-  fn«1.0H*{=3% 


<  0.2  0.4  0.6  0.8  1.0 

TIME  (s) 

Figure  4  Acceleration  Response  of  1-Hz,  3% 

Damped  System  to  the  Input  of  Figure  1, 


'J,  fn«1.0  Hi  {-0.01% 


0.02  0.03 

TIME  (s) 


Figure  2  Base  Input  Velocity 


TIME  (s) 


Figure  3  Base  Input  Displacement 


UJ 

O 

o  -0.4  - 1 - I_ 

<  0  0.2  0.4 


TIME  (s) 


0.8  1.0 


Figure  5  Acceleration  Response  of  1-Hz,  0.01% 

Damped  System  to  the  Input  of  Figure  1. 


„  1  L  DAMPING  =  3% 


001  01  1  10  100 
NATURAL  FREQUENCY (Hz) 

Figure  6  Acceleration  Shock  Response  Spectrum  of 
the  Input  of  Figure  1. 


The  approximate  response  given  for  a  time  step 
of  1  ms  Is  given  by  Eq  (21)  as 

y(lO"3m)  -  (10‘3)  wn< {10'3un(m-l)  +  2f]U(m-l) 

-2  (10‘3un(m-23)  +  2f ]U(m-23) 

i  [ 10" 3«  (m-45)  f  2flU(m-45)J. 

(27) 


The  acceleration  response  for  a  natural 
frequency  of  1  Hz  and  3%  damping  is  shown  as 
Figure  4.  The  inset  in  Figure  4  is  the 
acceleration  expanded  for  the  early  portion  of 
the  period.  Tho  primary  response  is  close  to  the 
straight  lino  approximation  predicted  by  Eq 
(21).  Equation  (19)  predicts  that  the  primary 
response  at  low  frequencies  will  be  proportional 
to  the  base  displacement  if  tho  system  Is 
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undamped.  Figure  5  shows  the  response  for  a 
damping  of  0,011.  A  comparison  of  Figures  3  and 
5  confirms  the  above  prediction.  In  both  Figures 
k  and  5,  the  primary  response  la  larger  than  the 
residual  response. 

The  shock  spectrum  for  this  Input  Is  given 
In  Figure  6  The  shock  spectrum  at  the  Low 
frequencies  can  be  predicted  using  Eq  (27).  For 
example,  the  spectrum  at  0.1  Hr  can  be  estimated 
by  noting  that  the  maximum  response  will  occur 
near  t  —  22  m3 

y  -  2*(.1)(10'3)'10'3(2  «)(.1)(21)  +  2(.03)1 
max  (28) 

y  -  4  x  10  ^  tn/s^, 

'  max 

which  agrees  with  Figure  6. 

A  second  example  is  given  by  the  WAVSYN  in 
Figure  7.  The  WAVSYN  pulse  Is  defined  by 

x(C)  -  A  sin(2  bt)  sin(2  ft)  for  0  <  t  <T  (29) 
-  0  elsewhere 


A  -  the  amplitude 
f  -  the  frequency  of  the  pulse 
b  -  the  frequency  of  a  half  sine  window,  f/N 
T  -  the  pulse  duration.  N/(2f) 

N  -  an  odd  integer  greater  than  1. 

In  Figure  7.  A  -  1  g.  N  -  39.  and  f  -  1  Hz.  The 
velocity  and  displ  aceir.ent  changes  tor  this 
waveform  are  zero.  The  above  discussion  shows 
the  residual  spectrum  should  have  a  slope  of  12 
dB/octave,  and  the  primary  spectrum  should  have 
a  final  slope  of  6  cB/occave.  Figure  8  is  the 
acceleration  shock  spectrum  of  this  waveform,  We 
can  see  the  region  Just  below  1  Hz  where  the 
residual  response  is  larger,  the  area  at  about 
0.5  Hz  where  the  response  is  dominated  by  the 
primary  response  damping  forces,  and  at  the  very 
low  frequencies  the  charac t is t ic  final  slope  of 
6  dB/octave. 


-i.o  L 

0.0 


Errors  Caused  by  Zaro  Offsets 

A  small  error  in  the  zero  line  of  an 
acceleration  waveform  can  cause  large  errors  in 
the  low  frequency  end  of  the  shock  response 
spectrum.  The  error  occurs  because  the  zero 
offset  will  cause  an  error  in  the  final  velocity 
of  the  waveform.  A  small  error  integrated  over 
the  entire  length  of  the  time  history  can  result 
in  a  substantial  velocity  error.  The  offset  will 
appear  to  the  shock  spectrum  calculations  as  a 
square  wave  of  a  duration  equal  to  the  pulse 
duration.  An  example  is  shown  in  Figure  9,  and 
Figure  10  (curves  a  and  c) .  Figure  9  is  an 
acceleration  input  composed  of  the  sura  of  two 
exponentially  decaying  sinusoids.  One  component 
is  at  100  Hz  with  an  amplitude  of  1  g.  The 
second  Is  a  highly  damped  component  at  a  much 
lower  frequency  whose  amplitude  and  delay  were 
chosen  to  force  the  velocity  and  displacement 
changes  to  be  zero.  Figure  10.  curve  a,  is  the 
shock  spectrum  of  this  waveform.  A  0.05  g  zero 
offset  was  added  to  the  waveform  and  the  shock 
spectrum  was  recomputed  (curve  c  on  Figure  10). 
The  offset  looks  like  an  added  square  wave  with 
an  amplitude  of  0.05  g.  The  shock  spectrum  of 
this  square  wave  has  a  peak  amplitude  of  0.1  g. 
Since  the  duration  of  this  square  wave  Is  0.2048 
s  the  first  peak  in  the  shock  spectrum  of  this 
component  will  br  at  about  2.4  Hz.  Curve  c  of 
Figure  10  confirms  these  predictions. 

One  of  the  dangers  of  these  errors  is  that 
the  errors  can  propagate  into  specifications 
derived  from  the  measured  shock  spectrum,  which 
In  turn  leads  t«;  tests  with  unreasonable 
velocity  and  displacement  requirements. 

Errors  Caused  by  Waveform  Truncation 

Truncation  of  an  acceleration  waveform  can 
also  cause  errors  in  tie  low  frequency  end  of 
the  shock  response  spectrum.  As  for  the  offset 
errors,  these  errors  are  caused  by  an  incorrect 
final  velocity.  The  error  in  the  final  velocity 
divided  by  the  pulse  duration  and  converted  to 
acceleration  units  will  give  an  approximation  of 


DAMPING  a  10% 

SLOPE  =  3  RESIDUAL  DOMINATED  RESPONSE  //\ 

SLOPE  =2  RESPONSt  DOMINATED  \y!  . 

PRIMARY  RESPONSE  WHERE  /  / 

2C  •  \  A  I 

\  f  /-Ml  PRIMARY 

\  >7  frequency 


o  ooi 
0  0  1 


Time  (») 


si. one  - 1  response  oominateo  by 
primary  RESPONSE  WHERE 
5  £  wn7  ; 

01  10  30 

NATURAL  FREQUENCY  (H2> 


Figure  7  A  1-Hz.  1-g.  39 -Ha If  Cycle,  WAVSYN  Pulse 


Figure  8  Shock  Response  Spec:  rum,  of  a  1-r. 

39-HuM  Cvcle,  WAVSYN  Pulse 
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0.00  0.12  0.1S 

TIME  (•) 

Figure  9  Acceleration  of  the  Sun  of  Two 

Exponentially  Decaying  Sinusoids 

the  error.  To  Illustrate,  the  waveform  In  Figure 
9  was  truncated  at  0.0564  a.  The  resulting 
velocity  error  was  about  0.18  In/s.  This 
translates  Into  an  acceleration  error  of  about 
0.008  g.  We  would  then  expect  an  error  In  the 
shock  spectrum  of  about  twice  this  value  (  0.016 
g)  with  the  lowest  frequency  peak  at  about  8.9 
Hz.  Curve  b,  Figure  10  confirms  this  error. 

As  In  the  case  of  offset  errors,  the 
biggest  danger  of  this  error  Is  the  propagation 
of  the  error  Into  specifications. 

Incorrect  Algorithms 

This  source  of  error  cannot  be  discussed  In 
detail  without  a  thorough  knowledge  of  the  algo* 
rlthra  In  question.  Recursive  digital  filters  are 
a  popular  method  to  calculate  the  shock  response 
spectrum,  and  It  Is  known  that  the  filter 
weights  are  subject  to  serious  roundoff  problems 
at  low  natural  frequencies.  Careful  attention 
must  be  paid  to  the  calculation  of  these  weights 
and  to  the  details  of  the  Implementation  at  low 
natural  frequencies.  In  some  methods  the  data 
are  filtered  with  a  low  pass  digital  filter  and 
the  data  are  then  decimated  before  the  spectrum 
Is  calculated  at  the  low  frequencies.  This  could 
lead  to  errors  in  calculating  the  primary 
spectrum,  which  has  been  demonstated  to  be 
important  at  the  low  frequencies.  More 
investigation  is  required  in  this  area.  A  good 
test  for  any  algorithm  is  to  reproduce  Figure  8. 


Application  to  Pyrotechnic  Shock  Data 

We  can  now  use  the  above  results  to 
establish  guidelines  when  viewing  pyrotechnic 
and  similar  shock  data  when  presented  in  the 
form  of  shock  response  data.  First  one  must 
establish  whether  the  acceleration  model  or  the 
relative  displacement  model  was  used  to 
calculate  the  shock  response.  This  determines 
the  final  slope  of  the  data.  If  the  velocity 
change  is  zero,  the  shock  response  should  have  a 
final  slope  of  12  dB/octave  or  change  from  a 
slope  of  12  dB/octave  to  6  dB/octave  (depending 


Figure  10  Shock  Response  Spectrum  of  the  Accel¬ 
eration  Waveform  Shown  in  Figure  9 

.  on  the  model  used)  in  a  smooth  manner  as  the 
frequency  decreases.  The  curve  will  be  concave. 
If  a  convex  "bump"  Is  observed  at  the  low 
frequencies,  the  bump  likely  represents  a 

velocity  change  which  appears  to  the 

computations  as  a  acceleration  square  wave  added 
to  the  waveform. 

Remember  the  shock  spectrum  of  a  square 
wave  has  an  lntial  slope  of  6  dB/octave,  reaches 
a  peak  of  twice  Its  amplitude  at  a  frequency 
equal  to  the  inverse  of  twice  its  duration,  has 
some  ripples  with  each  peak  of  the  ripples 
reaching  a  magnitude  of  twice  the  amplitude,  and 
continues  along  a  line  with  a  slope  of  zero  at 
an  amplitude  of  twice  its  amplitude  as  the 
frequency  increases.  Because  of  this 
characteristic  shape  of  the  shock  spectrum  of  a 
square  wave,  the  shock  spectrum  with  an  added 
square  wave  can  appear  to  have  a  slope  of  zero 
at  low  frequencies.  The  amplitude  of  this  area 
of  zero  slope  will  be  a  function  of  both  the 
observed  velocity  change  and  the  duration  of  the 
digitized  waveform.  If  the  velocity  change  is  a 
constant  and  not  an  error  caused  by  a  zero 
offset  or  truncation,  the  amplitude  of  this  area 
will  decrease  as  the  duration  of  the  digitized 
waveform  is  increased.  The  magnitude  of  the 
velocity  change  can  be  estimated  by  dividing  the 
shock  spectrum  amplitude  in  the  region  of  the 
zero  slope  by  two,  multiplying  by  the  pulse 
duration  and  converting  to  velocity  units.  If 
this  velocity  change  is  representative  of  the 
environment  the  data  are  probably  valid.  But  if 
the  velocity  change  is  unreasonably  large,  the 
low  end  of  the  shock  spectrum  is  in  error.  The 
source  of  the  error  can  then  be  investigated. 

The  natural  frequency  where  the  shock 
spectrum  should  again  start  to  decline  is  given 
by  the  inverse  of  twice  the  duration.  The  final 
slope  at  frequencies  much  less  than  the  inverse 
of  twice  the  duration  will  be  6  dB/octave. 
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Shock  Spectrum  at  High  Natural  Frequencies 

This  is  not  the  main  topic  of  this  paper, 
but  I  would  like  to  make  some  comments  on  the 
subject.  A  common  rule  of  thumb  in  transient 
data  reduction  is  that  you  should  sample  the 
data  with  a  minimum  of  10  times  the  highest 
frequency  of  Interest.  Some  have  interpreted 
this  rule  to  mean  the  shock  response  spectrum 
should  not  be  calculated  above  a  natural 
frequency  which  Is  greater  than  1/10  th  of  the 
sampling  frequency.  Often  this  is  overly 
conservative.  The  frequency  content  of  the  data 
is  of  primary  concern,  not  the  natural  frequency 
of  the  SDOF  system  used  in  the  shock  spectrum 
calculations.  The  data  must  be  sampled 
frequently  enough  to  avoid  large  errors  in  the 
detection  of  the  peak  of  the  transient.  Some 
authors  [3]  have  suggested  6  to  10  samples/cycle 
for  a  5%  error  bound.  This  is  often  conservative 
because  it  was  assumed  that  the  input  was  a  sine 
wave  at  the  highest  frequency.  Three  or  four 
samples  of  the  highest  frequency  may  be  adequate 
for  peak  detection  if  the  high  frequency  content 
is  a  small  part  of  the  total  energy  in  the 
waveform.  The  important  point  is  that  the  sample 
rate  should  be  picked  with  only  the 
charactist ics  of  the  input  waveform  in  mind. 

The  next  question  is,  will  the  algorithm 
used  to  calculate  the  shock  response  spectrum 
calculate  the  correct  values  for  the  range  of 
natural  frequencies  desired.  It  is  known  that 
the  oldest  and  simplest  form  of  the  recursive 
filter  algorithm  has  serious  errors  as  the 
natural  frequency  approaches  half  the  sampling 
frequency  [A] .  Direct  integration  methods  have 
similar  problems.  Using  these  algorithms  the 
rule  of  1/10  should  be  followed.  But  an  improved 
algorithm  [4]  avoids  this  problem.  If  the 
improved  algorithm  Is  used  the  natural  frequency 
can  even  be  above  the  sampling  frequency  if  the 
input  transient  peak  has  been  adequately 
detected.  The  new  algorithm  assumes  the  input 
waveform  can  be  adequately  described  by  a  series 
of  straight  lines  connecting  the  sample  points. 
The  discontinuties  in  slope  caused  by  the 
straight  line  segment  approximation  will 
generally  introduce  high  frequency  energy  into 
the  waveform  and  the  shock  spectrum  will  be 
slightly  higher  than  the  true  value  at  the  high 
frequencies.  The  errors  of  peak  detection  will 
always  bias  the  results  in  the  negative 
direction.  The  peak  detection  errors  are  usually 
the  largest.  The  value  approached  for  the  shock 
spectrum  as  the  natural  frequency  increases  is 
the  value  of  the  largest  sample  in  the  set  of 
data  samples,  and  is  as  accurate  as  the  detected 
peak  value . 
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Appendix  A 

Listing  of  Subroutine  for  a  Ramp  Invarient 
Simulation  of  a  Single-Degree-of-Freedom 
•  System  for  the  Calculation  of  the 

Shock  Response  Spectrum 

REFERENCE:  Smallwood  D.  0. ,  "An  Improved 
Recursive  Formula  for  Calculating  the  Shock 
Response  Spectra,”  Shock  and  Vibration  Bulletin, 
No.  51,  part  2,  pp  211-217,  May  1981. 


SUBROUTINE  FILMAX(Y,XX, FN , SR, Z,XM1 ,XM2 , 

&  YMl , YM2 , IFLAG) 

D.  SMALLWOOD  4-14-80 
MODIFIED  8-15-80 

MODIFIED  12-17-84  MADE  CALCULATION  OF 

FILTER  WEIGHTS  A 
A  SEPARATE  SUBROUTINE 

APPROXIMATES  A  ONE- ZERO-TWO- POLE  SINGLE 
DEGREE  OF  FREEDOM  RESONATOR  USING  A  RAMP 
INVARIENT  SIMULATION  AND  RETURNS  THE 
RESPONSE. 

Y-FILTER  OUTPUT 

XX-FILTER  INPUT 

Z-FRACTION  OF  CRITICAL  DAMPING 

SR-SAMPLE  RATE  (SAMPLES/SEC) 

FN-NATURAL  FREQUENCY  OF  RESONATOR  (HZ) 
IFLAG. NE.O  FOR  FIRST  CALL  TO  ROUTINE 
SETUP  FILTER  COEFF. 

-0  USES  FILTER  COEFF.  DETERMINED 
FROM  A  PREVIOUS  CALL. 

NOTE:  IFLAG  CHANGED  TO  0  AFTER  1ST 
CALL,  MUST  BE  RESET  BY 
USER  FOR  NEW  FILTER. 

I FLAG-1  SETS  UP  AN  BASE  ACCEL.  INPUT, 
ACCELERATION  RESPONSE 
SHOCK  SPECTRUM 

IFLAG-- 1  SETS  UP  A  BASE  ACCELERATION, 
RELATIVE  DISPLACEMENT 
(EXPRESSED  IN  EQUIVALENT  STATIC 
ACCEL  UNITS)  SHOCK  SPECTRUM. 
Xill-IST  PAST  VALUE  OF  INTIAL  INPUT 
XM2-2ND  PAST  VALUE  OF  INTIAL  INPUT 
YM1-1ST  PAST  VALUE  OF  INTIAL  RESPONSE 
YM2-2ND  PAST  VALUE  OF  INTIAL  RESPONSE 
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X"' 


o  o  o 


XF(FN)  4,4,5 
4  Y-0. 

RETURN 

1ST  CALL  SET  UP  FILTER  COEFFICIENTS 


5  IF(IFLAG)  3,10,3 

3  CALL  WGHT(FN, SR, Z, IFLAG ,B0 ,B1 , B2 ,A1P2 , 
&  A2M1) 

I FLAG-0 


10  Y-BO*XX  +B1*XM1  +B2*XM2  +YM1+(YM1-YM2) 
&  -A1P2*YM1-A2M1*YM2 

YM2-YM1 
YM1-Y 
XM2-XM1 
XM1-XX 
RETURN 
END 


C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


c 

c 

c 


SUBROUTINE  FILTR(X , FN , SR , Z , I TYPE , I3IZE , Y) 

SUBROUTINE  TO  FILTER  A  TIME  HISTORY  WITH  A 

SDOF  FILTER  USING  A 

RAMP  INVARIENT  FILTER  SIMULATION 

INPUT:  X-  INPUT  DATA  ARRAY 

FN-  NATURAL  FREQUENCY  (HZ) 

SR-  SAMPLE  RATE  OF  INPUT  DATA  ARRAY 
(SAMPLES/SEC) 

Z-  FRACTION  OF  CRITICAL  DAMPING 
ITYPE-1- -ABSOLUTE  ACCELERATION  MODEL 
-1- -RELATIVE  DISPLACEMENT  MODEL 
ISIZE-  THE  NUMBER  OF  POINTS  IN  THE 
X  AND  Y  ARRAYS 

OUTPUT:  Y~  OUTPUT  DATA  ARRAY 

DO  SMALLWOOD  SANDIA  NATIONAL  LABS 
ALBUQUERQUE  NM  12-17-84 

DIMENSION  X(l) ,Y(1) 

FIND  FILTER  WEIGHTS 

CALL  WGHT ( FN , SR , Z , I TYPE , BO , B1 , B2 , A1P2 , 

&  A2M1) 

FILTER 

YM2-0 . 

YM1-0 . 

XM1-0. 

XM2-0 . 


DO  10  1-1, ISIZE 

Y(I)-B0*'X(I)  +B1*XM1  +B2*XM2  +YM1 
ft  +(YMl-YM2)  -A1P2*YM1-A2M1*YM2 
YM2-YM1 
YMl-Y(t) 

XM7-XM1 
10  ZMl-X(I) 

RETURN 

END 


C 

C 

C 

C 

C 

C 

C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

r 

c 

c 

c 

c 

c 

c 


c 


c 

c 

c 

c 


c 

c 

c 

c 

c 

c 


c 

c 

c 

c 


c 

c 

c 

c 


SUBROUTINE  WGHT(FN , SR , Z , IFLAG ,B0,B1,B2, 

&  A1P2.A2M1) 

D.  SMALLWOOD  12-17-84 

FINDS  THE  WEIGHTS  FOR  A  ONE -ZERO -TWO -POLE 
SINGLE  DEGREE  OF  FREEDOM  RESONATOR 
WITH  A  RAMP  INVARIENT  SIMULATION. 


INPUTS: 

FN-  NATURAL  FREQUENCY  (HZ) 

SR-  SAMPLE  RATE  (SAMPLES/SEC) 
Z-FRACTION  OF  CRITICAL  DAMPING 
I FLAG-1  SETS  UP  AN  BASE  ACCEL  INPUT 
ACCEL  RESPONSE 
SHOCK  SPECTRUM 

IFLAG— 1  SETS  UP  A  BASE  ACCEL. 
RELATIVE  DISPLACEMENT 
(EXPRESSED  IN  EQUIVALENT 
STATIC  ACCEL  UNITS)  SHOCK 
SPECTRUM. 

OUTPUT: 

BO , B1 , B2 ,A1P2 , A2M1  THE  FILTER  WEIGHTS 


DOUBLE  PRECISION  PI ,W,WD , E, Sr ,DY, SQ, FACT , 
&  C.DZ 

DATA  PI/3 . 1415926535D0/ 

3  W-2 . ODO*PI*DBLE(FN)/DBLE(SR) 

IF(W-1 .OD-3)  1,2,2 
1  X-SNGL(W) 

USE  THESE  COEFFICIENTS  WHEN  W  IS  SMALL, 

FOR  BOTH  MODELS 

A1P2-  2 . 0*Z*X  +X*X* (1.0-2. 0*Z*Z) 

A2M1— - 2 . 0*Z*X  +2 . 0*Z*Z*X*X 
IF(IFLAG)  35,10,20 
2  DZ-DBLE(Z) 

THESE  ARE  EXACT  EXPRESSIONS, 

USED  WHEN  W  IS  LARGE 

USE  THESE  EXACT  EXPRESSIONS  WHEN  W  IS  LARGE 

SQ-DSQRT(1 . 0D0-DZ*DZ) 

E-DEXP( -DZ*W) 

WD-W*SQ 

SP-E*DSIN(WD) 

FACT- ( 2 . 0D0*DZ*DZ  - 1 . 0D0)*SP/SQ 
C-E*DCOS(WD) 

A1P2  AND  A2M1  ARE  THE  SAME  FOR  BOTH  MODELS 
A1P2-A1+2  A2M1-A2 - 1 

A1P2-SNGL(2 . 0D0 -  2 . 0D0*C) 

A2M1-SNGL( - 1 . ODO+E*E) 

IF(IFLAG)  6,10,30 

EXACT  EXPRESSIONS,  W  LARGE, 

RELATIVE  DISPLACEMENT  MODEL 

6  R0-SNGL((2.0D0*DZ*(C-1.0D0)  +FACT  hW)/W) 

Bl-SNGL( ( -  2 . 0D0*C*W  +2 . 0D0*DZ*( 1 . 0D0-F*E) 

A  -2 . ODO*FACT)/W) 

B?-SNGL((E*E*(W»2.0D0*DZ)  -2.0D0*DZ*C 
A  l KACT)/W) 


Ml  .A*  M*  "3  v*  rj  rvi  ”_m  ra i  j\ji  m  ,-a»  ,-w 


ru»  nji  -i w-.^rj 


GO  TO  10 

USE  THESE  COEE.  FOR  SMALL  U, 
RELATIVE  DISPLACEMENT  MODEL 


3b  B0-X*X/6. 

Bl-2  0*X*X/1 . 

B2-X*X/6 . 

CO  TO  10 

USE  THE  COEFF  FOR  ACCEL  INPUT, 
ACCEL  OUTPUT  MODE! 


EXACT  EXPRESSIONS  FOR  U  LARGE. 
ACCEL  OUTPUT  MODEL 

30  SP-SP/WD 

BO-SNGL(l.ODOSP) 

B1-SNGL( 2 .0D0*(SP-E*DC0S(WD) )) 
B2«SNGL( E*E-  SP) 


USE  THESE  COEFF  FOR  SMALL  V, 

ACCEL  OUTPUT  MODEL 

20  B0-2*X-t  (X*X) *  ( ( 1  . 0/6 . 0 )  -  2 . 0*2*Z/3 . 0) 
Bl-2 ,0*X*X*( 1  0-Z*Z)/3  0 
B2--2*X+  X*X*f(I .0/6.01-4. 0*2*2/ 3  0) 
10  RETURN 
END 
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Discussion 

Mr.  Galef  (TRW);  I  have  been  investigating  some 
of  these  things  in  considerable  detail  over 
recent  years,  and  I  have  come  to  a  different 
conclusion  than  you  have.  My  conclusion  has 
been  that  damping  is  a  second  order  effect,  or  a 
considerably  higher  order  effect,  at  low 
frequencies  and  high  frequencies;  damping  is 
also  a  considerably  higher  order  effect  for  many 
pulses,  for  the  rest  of  the  frequencies  as 
well.  The  only  time  damping  is  really  important 
is  in  an  oscillatory  function,  such  as  the 
damped  sine  wave  that  you  were  using,  and  then 
damping  is  only  important  at  frequencies  near 
where  the  Fourier  transform  peaks.  I  believe 
your  different  conclusion  may  have  resulted  from 
using  physically  invalid  pulses.  That 
particular  sine  wave  where  you  put  a 
compensating  acceleration  at  a  low  value  for  a 
long  time  prior  to  the  thing,  that  does  not 
happen  in  the  real  world.  In  the  real  world  we 
have  a  very  large,  very  short  duration, 
compensating  pulse  to  give  us  a  net  velocity  of 
zero  and  a  net  displacement  of  zero.  For  that 
case,  my  results  very  clearly  show  the  12  dB  per 
octave.  Until  I  can  perhaps  clarify  this  with 
you,  1  think  I  will  continue  to  reject  data  that 
shows  6  dB  per  octave  with  the  same  enthusiasm 
chat  I  reject  data  that  shows  zero  shift. 

Mr.  Smallwood:  I  encourage  you  to  read  the 
written  version  of  the  paper,  because  I  think 
you  will  see  my  mathematics  is  fairly  straight 
forward  and  indicates  a  problem.  I  agree  with 
your  conclusions  on  single-sided  wave  forms. 

They  roll  off  at  6  dB  per  octave  anyway.  But  I 
think  you  will  see  damping  is  important  for  the 
double-sided  wave  forms  at  the  very  low  natural 
frequencies.  The  net  result  Is  you  cannot 
represent  these  complicated  wave  forms  as  simple 
impulses,  because  you  have  to  represent  them  by 
multiple  impulses.  When  you  do  that,  the 
primary  response  becomes  dominant. 

Mr.  Rehard  (National  Technical  Systems):  If  we 
are  looking  at  frequencies  of  one  Hz,  when  we 
calculate  the  response  spectra  from  that  low 
frequency,  what  kind  of  error  would  come  in 
between  one  Hz  and  DC?  How  do  you  know  that 
there  isn't  a  zero  shift  only  by  looking  at  the 
time  history?  You  would  have  to  look  at  the 
time  history,  because  it  will  try  to  look  flat 
the  closer  you  get  to  zero. 

Mr.  Smallwood:  When  the  natural  period  of  the 
single  degree-of-f reedom  system  gets  long, 
compared  to  the  complete  data  window  through 
which  you  look  at  the  data,  then  I  think  you 
will  ultimately  see  the  shock  spectrum  3tart  to 
roll  off.  It  is  flat  only  to  those  natural 
frequencies  whose  period  Is  comparable  to  the 
period  of  the  data  window  that  you  use  to  look 
at  the  data.  If  the  period  of  the  window  you 
use  to  look  at  the  data  is  one  second  long,  I 
would  expect  frequencies  a  decade  below  one  Hz 
will  start  to  show  a  slope  again  of  6  dB  per 
ortave.  That  flatness  does  not  go  on  forever 
down  in  IK).  liventually,  It  will  turn  around  and 


roll  off.  Often,  It  is  so  far  down,  AO  dB  or  60 
dB  down,  that  people  really  do  not  worry  about 
it;  they  are  not  concerned  about  it.  So,  you 
never  even  plot  the  shock  spectrum,  but  you  use 
very  low  frequencies. 

Mr.  Rehard:  It  is  a  tough  question  for  me 
because  I  do  not  know  where  the  two  would  end . 

I  do  not  know  if  I  could  ever  prove  it,  or  not, 
that  it.  really  turns  around  and  does  6  dB. 

Mr.  Smallwood:  The  only  thing  that  you  can  do 
is  to  extend  the  natural  frequency  down  lower 
and  lower.  That  gets  to  be  computationally 
expensive.  That  is  the  reason  people  do  not 
normally  do  it. 
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RELATIVE  CONSERVATISM  OF  DROP  TABLE 


AND  SHAKER  SHOCK  TESTS* 


Thomas  J.  Baca  and  Teddy  D.  Blacker 
Sandia  National  Laboratories 
Albuquerque,  New  Mexico 


Judging  the  conservatism  of  a  mechanical  shock  test  is  a  crucial  concern  of 
the  engineer  responsible  for  interpreting  the  outcome  of  the  test.  Either 
an  overtest  or  an  undertest  can  have  devastating  implications  if  the  former 
results  in  a  costly  redesign  of  the  structure  being  tested,  or  if  the  latter 
fails  to  properly  qualify  the  structure  for  use  in  its  design  environment. 
The  objective  of  this  paper  is  to  quantitatively  compare  the  relative  con¬ 
servatism  of  haversine  and  decaying  sinusoid  shock  test  input  pulses  which 
are  gene-ated  on  drop  tables  and  e lectro-dynamii;  shakers.  A  complete 
evaluation  of  test  conservatism  between  the  laboratory  and  field  shock 
environment  requires  characterization  of  shock  severity  and  consideration  of 
this  characterization's  statistical  variation.  A  shock  intensity  spectrum 
(SIS)  is  introduced  as  a  new  shock  characterization  which  provides  informa¬ 
tion  on  the  severity  of  the  shock  as  a  function  of  1requency.  Test 
conservatism  is  quantified  in  terms  of  an  Index  of  Conservatism  (IOC)  and  a 
novel  criterion  called  ar  Civertest  Factor  (OTF).  Accelerometer  measurements 
were  made  on  the  fixed  end  of  a  cantilever  beam  structure.  Data  were 
gathered  from  a  field  shock  environment  and  three  laboratory  test 
environments.  The  laboratory  tests  included  two  drop  table  test  series  and 
one  decaying  sinusoid  test  series.  An  analysis  of  test  conservatism  was 
carried  out  on  the  data  using  these  new  techniques.  Results  are  presented 
for  the  case  where  multiple  tests  provide  a  complete  statistical  basis  for 
IOC  and  OTF  calculations  and  the  case  where  only  a  single  measurement  is 
made  from  the  field  and  laboratory  environments.  This  research  provides 
specific  recommendations  regarding  the  relative  conservatism  of  two  widely 
used  snock  test  techniques,  It  also  describes  a  general  methodology  which 
can  be  applied  in  the  comparison  of  any  two  shock  environments. 


INTRODUCTION 

Laboratory  shock  testing  of  aerospace 
components  is  a  critical  $teo  in  the  development 
of  shock  resistant,  hardware.  The  laboratory 
test  provides  high  confidence  that  the  structure 
wf 11  survive  its  operational  shock  environment. 
The  validity  of  the  shock  test  is  Initially 
based  on  a  judgement  of  the  adequacy  of  the 
shock  test  as  it  is  defined  in  the  test 
specification.  The  final  evaluation  of  the 
adequacy  of  the  test  requires  analysis  of  the 
actual  test  inputs,  This  paper  introduces  o 
methodology  which  tan  he  applied  to  both  of 
these  crucial  evaluations  of  test  conservatism. 
An  evaluation  of  the  relative  conservatism 
between  both  drop  table  and  decaying  sinusoid 


shock  data  and  a  field  shock  environment  Is 
demonstrated  on  a  cantilever  beam  structure. 
Both  the  the  data  analysis  techniques  and  the 
specific  findings  about  the  relative  conser¬ 
vatism  of  these  two  test  techniques  will  enhance 
the  understanding  of  the  engineer  responsible 
for  both  shock  test  specification  and  post-test 
data  analysis.  The  analytical  methods  described 
in  this  paper  seek  to  instill  a  quantitative 
bent  to  the  evaluation  of  shock  test  conser¬ 
vatism  which  all  too  often  depends  on  "warm 
feelings"  and  "rules-of-thumb. "  The  value  of 
implementing  meaningful  shock  test  conservatism 
criteria  is  clear  to  any  engineer  who  has  had  to 
justify  the  validity  of  his  test  specification 
after  the  test  item  which  has  failed  the  shock 
test  is  considered  for  a  costly  redesign. 


*This  work  was  performed  at  Sandia  National  Laboratories  and  supported  by 
the  U.S.  Department  of  Energy  under  contract  DE-AC04-76DP00789 . 
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JUDGING  SHOCK  TEST  CONSERVATISM 

The  engineer's  dilemma  of  judging  test 
conservatism  begins  with  the  definition  of  the 
field  shock  environment.  Figure  1  shows  an 
acceleration  time  history  which  was  measured  on 
the  fixed  end  of  an  aluminum  12.7  x  2.64  x  0.64 
cm  (6  x  1  x  0.25  inch)  cantilever  beam  mounted 
in  a  box-like  fixture  which  was  impacted  by  a 
pendulum  hammer.  This  data  will  represent  the 
"field"  environment  in  this  paper.  The  engineer 
now  seeks  to  specify  a  shock  test  which  will 
adequately  test  the  structure.  Two  of  the  most 
common  mechanical  shock  testing  techniques 
utilize  drop  table  shock  machines  and  electro- 
dynamic  shakers.  (References  1  and  2  provide 
details  of  these  test  techniques.)  The  principal 
advantages  of  the  drop  table  technique  are  that: 
1)  the  simple  pulse  shapes  (e.g.,  haversines) 
are  readily  created;  and  2)  high  acceleration 
levels  (exceeding  1000  g)  can  be  attained.  The 
shaker  shock  most  often  is  composed  of  a  summa¬ 
tion  of  decaying  sinusoid  pulses.  The 
synthesized  pulse  has  a  two-sided  characteristic 
which  is  more  realistic  looking  than  the  haver- 
sine  pulse,  but  its  peak  accelerations  are 
limited  to  the  force  rating  of  the  Shaker 
machine.  The  standard  method  for  comparing  the 
shocks  created  by  these  machines  and  the  field 
shock  environment  is  through  the  absolute  ac¬ 
celeration  shock  response  spectrum  (denoted  SAA 
in  this  paper).  (See  Reference  3  for  further 
background  information  on  SAA  spectra.) 

Figure  2  shows  SAA  spectra  for  the  field 
data  and  three  idealized  test  pulses.  The  stan¬ 
dard  approach  to  shock  test  specification  would 
lead  the  engineer  to  specify  the  1400  g  x  0.33 
ms  haversine  pulse.  Both  the  700  g  x  0,33  ms 
haversine  and  the  360  g  x  1500  Hz  decaying 
sinusoid  only  partially  cover  the  specified 
frequency  range.  It  is  Interesting  to  note  the 


results  of  a  MSC/NASTRAN  finite  element  analysis 
of  this  beam  which  the  authors  implemented  by 
exciting  a  model  of  the  cantilever  beam  by  these 
idealized  test  Inputs  and  the  field  data  shown 
in  Figure  1.  Table  1  shows  peak  bending  stresses 
at  the  base  of  the  beam: 


Table  1.  Peak  Bending  Stress  at  the  Base  of  the 
Cantilever  Beam 


ENVIRONMENT 


1400  G 
HAVERSINE 


700  G 
HAVERSINE 


360  G 
DESIN 


STRESS 

(MPa) 

[psi] 


34.5 

[5,000] 


112 

[16,200] 


56 

[8,100] 


30.3 

[4,400] 


1  -  FIELD  DOT A 
Z  -  DECOYING  SINUSO  D 

3  -  700  G  HOUERS1NE 

4  -  1400  G  houersin: 


s 

R 

O  103 


FREOUENCV  HZ  (DAMPING  *  0.03) 

Figure  2  SAA  Spectra  for  Field  Data  and  Three 
Different  Ideal  Shock  Test  Inputs 
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The  fact  that  the  bending  stresses  from  the 
haverslne  tests  exceed  the  stress  experienced 
during  the  field  shock  might  be  anticipated 
since  Figure  2  shows  that  the  SAA  spectra  for 
the  haversines  exceed  the  SAA  spectrum  for  the 
field  data  and  the  decaying  sinusoid  (DESIN)  at 
the  fundamental  modal  frequency  (318  Hz)  of  the 
beam.  In  this  case,  the  engineer's  knowledge  of 
the  structure  being  tested  leads  to  an  examina¬ 
tion  of  the  need  for  enveloping  the  entire 
frequency  range  of  the  spectrum.  The  real 
question  then  becomes  one  of  determining  the 
true  frequency  content  of  the  field  time  history 
so  that  a  determination  of  test  conservatism  can 
be  made  over  the  entire  frequency  spectrum. 

One  option  Is  to  look  at  other  charac¬ 
terizations  of  the  shock  which  are  direct 
measures  of  the  shock  time  history  Instead  of  a 
SAA  response  spectrum  which  plots  peak  response 
of  single-degree-of-freedom  oscillators  excited 
by  the  shock  time  history  versus  their  natural 
frequency.  References  4-6  have  employed  shock 
characterizations  such  as  ranked  peak  accelera¬ 
tions,  and  root-mean-square  acceleration  as  a 
function  of  time  and  frequency  to  analyze  shock 
data.  In  comparison  to  the  SAA  spectrum  charac¬ 
terization  in  Figure  2,  Figure  3  shows  RMS 
acceleration  as  a  function  of  frequency  (FRMS) 
for  all  four  shocks.  The  FRMS  for  an  accelera¬ 
tion  time  history  'x'(t)  having  duration  TO  is 
def ined  below: 


ignored  in  the  test  specification  process.  It 
Is  a  fact  that  little  data  may  be  available 
early  In  a  component  tost  program,  but  as  field 
data  is  collected  and  more  component  laboratory 
tests  are  conducted,  the  engineer  can  gather 
statistical  information  on  any  shock  charac¬ 
terization  of  interest.  It  is  also  possible  to 
assume  a  certain  amount  of  variability  (».g.,  a 
coefficient  of  variation)  based  on  past 
experience.  Using  this  statistical  information 
^o  quantify  shock  conservatism  is  a  topic  dealt 
with  in  Reference  4  where  an  Index  of 
Conservatism  (IOC)  is  defined  as  follows: 


where  fi  is  the  mean  margin  of  conservatism,  C- 
and  C-  are  the  mean  shock  characterization 
values^  for  the  test  (T)  and  field  (F)  environ¬ 
ments,  and  o„,  o-,,  and  o_  are  the  corresponding 
standard  deviations.  Figures  4a  and  4b  graphi¬ 
cally  represent  the  IOC.  Note  that  the  main 
advantage  of  the  IOC  is  that  it  is  not  dependent 
on  an  assumption  of  a  probability  distribution, 
while  it  still  incorporates  the  statistical 
properties  of  the  field  and  laboratory  test 
data.  The  IOC  provides  a  practical  means  of 
quantifying  shock  conservatism  to  the  engineer. 
The  matter  of  determining  how  the  degree  of 
overtest  associated  with  a  laboratory  test 
specification  relates  to  a  specific  IOC  value 
will  be  dealt  with  later  in  this  paper. 


where  X(f)  is  the  Fourier  transform  of  x(t): 


X(f)  -  f.l  *  (t)  e'j2"ftdt  (2) 

and  j  =  The  FRMS  plot  gives  the  contribu¬ 
tion  to  the  overall  RMS  acceleration  by  all 
frequencies  below  the  frequency  at  which  the 
FRMS  ordinate  is  plotted.  The  true  frequency 
content  of  the  time  history  is,  represented  in 
the  Fourier  Amplitude  Spectrum,  |X(f)l,  but  FRMS 
has  the  advantage  of  providing  an  amplitude 
value  which  has  some  physical  significance.  The 
value  of  the  FRMS  plot  is  demonstrated  by  ob¬ 
serving  in  Figure  3,  for  example,  that  the 
haversine  shocks  do  not  have  frequency  content 
which  contributes  to  the  overall  RMS  above  -6000 
Hz  where  the  FRMS  becomes  flat.  An  improvement 
to  the  manner  by  which  we  look  at  frequency 
domain  RMS  will  be  made  in  the  following 
section.  It  Is  sufficient  to  say  at  this  point 
that  the  engineer  has  an  alternative  to  SAA 
spectra  if  a  representation  of  the  Intensity  and 
frequency  content  of  a  shock  time  history  is 
desired. 

Once  a  measure  of  shock  severity  is  chosen, 
the  engineer  must  evaluate  the  effect  of  the 
variability  of  the  shock  characterization  on 
test  conservatism.  This  entire  area  is  often 


FREOUENCY  HZ  (DURATION  ■  S  MS  1 

Figure  3  FRMS  Plot  for  Field  Data  and  Three 
Ideal  Test  Inputs 
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Figure  4a  Probability  Density  Functions 
of  Field  and  Laboratory  Test 
Shock  Environments 
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Figure  4b  Probability  Density  Function 

of  the  Margin  of  Conservatism  M 


Fourier  Amplitude  Spectrum  of  normalized  haver- 
sine  and  decaying  sinusoid  shock  pulses  which  is 
given  in  Reference  6.  Plots  of  SIS  for  the 
field  shock  and  test  pulses  discussed  previously 
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normalized  treouency  r«TH 

Figure  5  Normalized  SIS  (SIS/A)  vs.  Normalized 
Frequency  (F*TH)  for  a  Haversine  Pulse 
with  Amplitude  A.  Baseline  Duration 
TH,  and  TD/TH  •  15  (TD  «  Analysis 
Duration) 


THE  SHOCK  INTENSITY  SPECTRUM 

A  new  spectral  quantity  can  be  defined 
which  incorporates  frequency,  amplitude,  and 
duration  information  about  the  shock  time 
history.  The  Shock  Intensity  Spectrum  (SIS)  at  a 
frequency  F  -  given  by  the  following  equation: 

SIS(Fi)  =  [FRMS(Fj*  /r)  -  FRMS  ( F .  /Jr ) ]  (4) 


where  F .  ,  =  F .  *  r. 

(Note  that  r  =  1.2  is  used  in  this  paper.) 

The  SIS(F^)  ordinate  value  represents  the  con¬ 
tribution  to  the  overall  RMS  of  the  shock  time 
history  by  frequencies  in  the  ith  logarithmic 
frequency  interval.  The  duration  information 
comes  from  the  fact  that  FRMS  is  calculated  for 
a  specified  analysis  time  interval.  Comparisons 
of  SIS  between  different  shock  time  histories 
must  be  made  using  the  same  analysis  duration 
since  FRMS  is  dependent  on  the  duration,  TD,  in 
Equation  (1).  This  duration  information  as¬ 
sociated  with  an  SIS  plot  is  a  characteristic  of 
the  SIS  plot  which  must  be  clearly  stated  on  the 
plot  just  as  a  critical  damping  ratio  must  be 
specified  on  an  SAA  spectrum  plot.  Figures  5 
and  6  show  normalized  SIS  plots  for  ideal  haver¬ 
sine  and  decaying  sinusoid  pulses.  These  curves 
were  generated  using  the  exact  solution  for  the 
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Figure  6  Normalized  SIS  (SIS/A)  vs.  Normalized 
Frequency  (F*T)  for  a  Decaying 
Sinusoid  Pulse  with  Amplitude  A, 
Sinusoidal  Period  T,  Decay  Rate  2  « 
0.05.  and  TD/T  «  15  (TD  *  Analysis 
Duration) 


are  presented  in  Figure  7.  Note  that  the  SIS 
plot  clearly  shows  the  drop-off  of  high  fre¬ 
quency  content  in  idealized  test  inputs.  The 
SIS  analysis  also  shows  the  relative  sig¬ 
nificance  of  predominant  frequencies  more 
accurately  than  the  SAA  spectrum.  This  is  shown 
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in  the  comparison  of  the  SIS  (Figure  7)  «nd  SAA 
(Figure  2)  for  the  field  data  where  the  -3000  Hz 
and  -6000  Hz  peaks  in  the  SAA  spectrum  are  of 
the  same  order  of  magnitude  as  the  predominant 
peak  at  -1600  Hz,  while  the  SIS  peaks  at  these 
same  frequencies  are  an  order  of  magnitude  less 
than  the  SIS  peak  at  -1500  Hz.  These  advantages 
of  the  shock  intensity  spectrum  motivated  its 
use  as  the  shock  characterization  for  studying 
the  relative  conservatism  of  drop  table  and 
decaying  sinusoid  shaker  shock  data. 
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and  express  I  from  Equation  (3)  as: 


RICF  '  CF 


°F  +  °T 


(Rt  -  1) 

/kF2 


where  k.  and  K.  are  the  coefficients  of  varia¬ 
tion  for  the  field  and  test  environments, 
respectively.  Equation  (8)  can  then  be  solved 
to  give  R.,  and  the  OTF  is  found  using  Equations 
(7)  and  1(5).  The  OTF  is  useful  because  it 
allows  the  engineer  to  see  directly  how  a  test 
characterization  from  the  completed  test  com¬ 
pares  with  the  test  input  which  would  be  needed 
to  create  a  desired  Index  of  Conservatism. 
Overtest  Factors  for  the  drop  table  and  decaying 
sinusoid  test  are  given  in  the  next  section. 
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Figure  7  SIS  Plot  for  Field  Data  and  Three 
Ideal  Test  Inputs 


CALCULATION  OF  OVERTEST  FACTORS 

The  final  analysis  tool  which  must  be 
introduced  is  the  Overtest  Factor  (OTF).  The 
OTF  is  defined  as  follows: 


where  C.  T  is  the  mean  characterization  of  the 
test  data'which  give  the  desired  IOC  value  of  I. 
Thus,  the  OTF  defines  how  many  times  greater  the 
actual  mean  test  characterization,  *T,  is  than 
the  mean  test  characterization,  CT  .having  an 
Index  of  Conservatism  of  I,  Inforitiition  about 
the  variability  of  the  test  and  field  environ¬ 
ments  is  included  in  the  calculation  of  the  OTF 
in  the  following  manner.  Let 

CT 

R  =  —  (6) 


ANALYSIS  OF  TEST  CONSERVATISM 

Analysis  of  the  relative  conservatism 
between  the  drop  table,  the  decaying  sinusoid, 
and  field  test  data  was  carried  out  using  a 
computer  program  developed  to  implement  the 
analytical  procedures  described  previously.  The 
data  base  consisted  of  twenty-two  field  shocks, 
twenty-three  - 1 400g  x  0,33  ms  haversine  shocks 
(denoted  DR0P1),  twenty-five  -700  g  x  0.33  ms 
haversine  shocks  (denoted  DR0P2),  and  twenty- 
five  decaying  sinusoid  pulses  (denoted  DESIN). 
The  SIS  and  SAA  spectra  are  the  shock  charac¬ 
terizations  which  were  chosen  for  the  test 
conservatism  analysis. 

Figures  8a  and  8b  are  plots  of  coefficient 
of  variation,  k,  versus  frequency  for  the  SIS 
and  SAA  spectra,  respectively.  Average  values 
of  k  over  the  entire  frequency  range  shown  in 
the  plots  are  also  noted.  This  data  indicates 
the  SIS  spectrum  has  a  larger  amount  of 
variability  than  the  SAA  plots.  The  curves  in 
Figures  8a  and  8b  were  used  to  justify  the 
decision  to  use  an  overall  coefficient  of  varia¬ 
tion  of  0.15  in  subsequent  calculations  of  IOC 
and  OTF  used  for  comparisons  of  individual  field 
and  test  time  histories. 

The  plots  of  SIS  and  SAA  means,  plus  and 
minus  one  standard  deviation,  are  presented  in 
Figures  9-11,  Figure  9a  underscores  the  useful¬ 
ness  of  the  SIS  spectrum  in  revealing  that 
frequency  content  of  the  field  data  exceeds  the 
0R0P1  data  at  -1500  Hz,  even  though  the  SAA 
spectrum  indicates  a  higher  DR0P1  level  over  all 
frequencies.  The  predominance  of  the  1500  Hz 
frequency  component  in  the  field  data  is  em¬ 
phasized  in  the  SIS  plots,  while  the  SAA  spectra 
show  comparable  levels  at  frequencies  above  1500 
Hz. 


Once  the  mean  and  coefficient  of  variation 
have  been  determined  by  a  statistical  analysis 
of  all  of  the  data,  IOC  (Figure  12)  and  OTF 
(Figure  13)  plots  can  be  created  by  implementing 
Equations  (3)  and  (5)  on  the  computer.  Negative 
values  on  the  IOC  plots  indicate  an  undertest. 
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and  positive  values  Indicate  an  overtest,  It  Is 
Important  to  observe  that  while  the  decaying 
sinusoid  test  is  unconservative  over  most  of  the 
frequency  range,  it  alone  provides  a  conserva¬ 
tive  test  at  the  predominant  frequency  (-1500 
Hz)  of  the  f ield  data. 
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Figure  9a  Comparison  of  Mean  *  One  Stanford 

Deviation  SIS  Between  Field  Data  and 
DROP  1  Test  Data  (Time  Duration  ■ 
0.005  Seconds) 
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Figure  Ba  Coefficient  of  Variation  of  Field  and 
Test  Data  SIS  Plots  (Time  Duration  - 
.005  Seconds) 
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re  8fc  Coefficients  of  Variation  of  Field 
and  Test  Data  SAA  Plots  (Damping  « 
0.03) 


FREQUENCY  HZ 


Figure  9b  Comparison  of  Mean  +  One  Standard 

Deviation  SAA  Data  Between  Field  Data 
and  DR0P1  Test  Data  (Damping  *  0,03) 
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figure  10a  Comparison  of  Mean  £  One  Standard 
Deviation  SIS  Data  Between  Field 
Data  and  DROPZ  Test  Oata  (Time 
Duration  •  0.005  Seconds) 


Figure  11a  Comparison  of  Mean  ±  One  Standard 
Deviation  SIS  Data  Between  Field 
Data  and  DESIN  Test  Data  (Time 
Duration  »  0.005  Seconds) 
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Figure  10b  Comparison  of  Mean  ±  One  Standard 
Deviation  SAA  Data  Between  Field 

Data  and  DROPZ  Test  Data  (Damping  « 

Figure  lib  Comparison  of  Mean  *  One  Standard 
Deviation  SAA  Data  Between  Field 
Data  and  DESIN  Test  Data  (Damping 
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The  Overtest  Factor  plots  In  Figure  13  were 
calculated  for  a  desired  IOC  value  of  one.  This 
value  was  chosen  as  a  reasonable  degree  of 
conservatism  that  would  be  sought  In  a  component 
shock  test.  The  OTF  plot  clearly  shows  the 
frequency  range  of  overtest.  The  undertest 
experienced  at  1500  Hz  during  the  drop  table 
tests  Is  also  clearly  shown  in  Figure  13a. 
Should  the  analyst  decide  to  use  an  average  OTF 
value  Instead  of  the  values  at  specific  fre¬ 
quencies  in  Figures  13a  and  13b,  a  graphical 
comparison  of  the  average  OTF  values  can  be 
produced  as  shown  in  Figure  14.  This  simple 
plot  of  average  OTF  supports  a  conclusion  that 
on  the  average,  the  drop  table  shocks  are  con¬ 
servative,  while  the  decaying  sinusoid  is  not 
conservative. 

One  final  analysis  of  the  data  Involved 
using  a  single  record  from  each  of  the  test 
series  and  a  coefficient  of  variation  value  of 
0.15  to  observe  the  changes  in  the  conservatism 
analysis.  The  IOC  and  OTF  were  not  sig¬ 
nificantly  altered  as  is  evidenced  by  the 
average  OTF  plot  shown  in  Figure  16.  Thus,  for 
the  data  studied,  a  good  Indication  of  test 
conservatism  can  be  estimated  with  only  one 
field  time  history  and  one  laboratory  test 
record. 
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Figure  15  Average  Overtest  Factors  for  Single 
Test  Inputs  with  I0C«1.  (Assumed 
Coefficient  of  Variation;  k^-kp-0 . 15) 


CONCLUSIONS 

Relative  conservatism  between  the  drop 
table  shock  tests  and  the  decaying  sinusoid 
shaker  test  has  been  analyzed  using  both  shock 
intensity  spectra  (SIS)  and  absolute  accelera¬ 
tion  shock  response  spectra  (SAA)  as 
characterizations.  Both  an  Index  of 
Conservatism  (IOC)  and  an  Overtest  Factor  (OTF) 
plot  was  created  for  each  shock  characterization 
as  a  quantitative  measure  of  shock  conservatism. 
The  SIS  spectrum  was  Shown  to  be  a  meaningful 
shock  characterization  because  it  reflects  the 
amplitude,  frequency  content  and  duration  of  a 
shock  time  history.  Overall,  both  the  DROP  1  and 
OROP2  table  shock  were  conservative  tests  even 
though  the  SAA  spectrum  of  the  DR0P2  test  did 
not  completely  envelop  the  field  data  SAA 
spectrum.  The  comparable  decaying  sinusoid  test 
data  showed  the  test  was  on  the  average  slightly 
undercor.servative.  Utilizing  the  SIS  spectrum 
revealed  a  narrow  frequency  range  where  the  drop 
table  test  did  not  provide  a  conservative  test 
in  spite  of  the  fact  that  SAA  analysis  implied  a 
conservative  test.  In  all  cases,  statistical 
variability  of  the  shock  characterizations  was 
incorporated  in  the  analyses. 


Figure  14  Average  Overtest  Factors  for  Full 
Ensemble  of  Test  Inputs  with  I0C«1 


The  analysis  technique  presented  in  this 
paper  represents  a  powerful  tool  which  an 
analyst  responsible  for  interpreting  the  results 
of  the  shock  test  can  use  to  quantitatively 
judge  test  conservatism.  Use  of  this  technique 
will  result  in  a  better  understanding  of  what 
the  outcome  of  a  shock  test  really  means,  and 
should  foster  the  creation  of  shock  tost 
specifications  which  more  consistently  relate 
the  field  and  test  laboratory  shock 
environments. 
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